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NATIONAL BUREAU OF STANDARDS 
The National Bureau of Standards1 was established by an act of Congress March 3, 
1901. The Bureau's overall goal is to strengthen and advance the Nation's science and 
technology and facilitate their effective application for public benefit. To this end, the 
Bureau conducts research and provides: (1) a basis for the Nation's physical measure- 
ment system, (2) scientific and technological services for industry and government, (3) 
a technical basis for equity in trade, and (4) technical services to promote public safety. 
The Bureau consists of the Institute for Basic Standards, the Institute for Materials 
Research, the Institute for Applied Technology, the Center for Computer Sciences and 
Technology, and the Office for Information Programs. 
THE INSTlTUlT FOR BASIC STANDARDS provides the central basis within the 
United States of a complete and consistent system of physical measurement; coordiites 
that system with measurement systems of other nations; and furnishes essential services 
leading to accurate and uniform physical measurements throughout the Nation's scien- 
tific community, industry, and commerce. The Institute consists of a Center for Radia- 
tion Research, an Office of Measurement Services and the following divisions: 
Applied Mathematics-Electricity-Heat-Mechanics-Optical Physics-Linac 
Radiation2-Nuclear Radiation2-Applied Radiation2---Quantum Electronicss- 
ElectromagneticsS-Time and Frequencys-Laboratory Astrophysicss-Cryo- 
genicss. 
THE INSTITUTE FOR MATERIALS RESEARCH conducts materials research lead- 
ing to improved methods of measurement, standards, and data on the properties of 
well-characterized materials needed by industry, commerce, educational institutions, and 
Government; provides advisory and research services to other Government agencies; 
and develops, produces, and distributes standard reference materials. The Institute con- 
sists of the Office of Standard Reference Materials and the following divisions: 
Analytical Chemistry-Polymers-Metallurgy-Inorganic Materials-Reactor 
Radiation-Physic+ Chemistry. 
THE INSTITUTE FOR APPLIED TECHNOLOGY provides technical services to pro- 
mote the use of available technology and to facilitate technological innovation in indus- 
try and Government; cooperates with public and private organizations leading to the 
development of technological standards (including mandatory safety standards), codes 
and methods of test; and provides technical advice and services to Government agencies 
upon request. The Institute also monitors NBS engineering standards activities and 
provides liaison between NBS and national and international engineering standards 
bodies. The Institute consists of the following technical divisions and offices: 
Engineering Standards Services-Weights and Measures-Flammable Fabrics- 
Invention and Innovation-Vehicle Systems Research-Product Evaluation 
Technology-Building Research-Electronic Technology-Technical Analysis- 
Measurement Engineering. 
THE CENTER FOR COMPUTER SCIENCES AND TECHNOLOGY conducts re- 
search and provides technical services designed to aid Government agencies in improv- 
ing cost effectiveness in the conduct of their programs through the selection, acquisition, 
and effective utilization of automatic data processing equipment; and serves as the prin- 
cipal focus within the executive branch for the development of Federal standards for 
automatic data processing equipment, techniques, and computer languages. The Center 
consists of the following offices and divisions: 
Information Processing Standards-Computer Information--Computer Services 
Sys t ems  Development-Information Processing Technology. 
THE OFFICE FOR INFORMATION PROGRAMS promotes optimum dissemination 
and accessibiility of scientific information generated within NBS and other agencies of 
the F'ederal Government; promotes the development of the National Standard Reference 
Data System and a system of information analysis centers dealing with the broader 
aspects of the National Measurement System; provides appropriate services to ensure 
that the NBS staff has optimum accessibiility to the scienac information of the world, 
and directs the public information activities of the Bureau. The Oflice consists of the 
following organizational units: \ 
Office of Standard Reference Datzi-Office of Technical Information and 
Publications-Library-Office of Public Information--Office of International 
Relations. 
1 Headquarters and Laboratories at Chithersburg, Maryland, unless otherwise noted; mailing address Washing- 
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For s e v e r a l  years ,  t h e  Defense Nuclear Agency has provided p a r t i a i  support 
f o r  the  J o i n t  Program on Methods of  Measurement f o r  Semiconductor Materials ,  
Process Control,  and Devices a t  t h e  National Bureau of Standards as NWER 
Subtask TE050 i n  t h e  T E E  Program. The objec t ives  of t h e  J o i n t  Program 
a r e  d i rec ted  toward the  improvement of methods of measurement f o r  use i n  
speci fy ing mate r i a l s  and devices and i n  con t ro l  of device f ab r i ca t ion  
processes. These improvements a r e  intended t o  l ead  t o  a s e t  of measure- 
ment methods which have been c a r e f u l l y  evaluated f o r  t echn ica l  adequacy, 
which a r e  acceptable t o  both users  and supp l i e r s ,  which can provide a 
common b a s i s  f o r  t h e  purchase spec i f i ca t ions  of government agencies, and 
which w i l l  l ead  t o  g r e a t e r  economy i n  government procurement, With such 
a s e t  of measurement methods it is expected t h a t  t h e  performance, inter- .  
changeabil i ty,  and r e l i a b i l i t y  of  d i s c r e t e  semiconductor devices and 
in teg ra ted  c i r c u i t s  w i l l  be enhanced. In  addi t ion ,  such methods w i l l  
provide a bas i s  f o r  cont ro l led  improvements i n  e s s e n t i a l  device charac- 
t e r i s t i c s ,  suc.h a s  uniformity of response t o  r a d i a t i o n  e f f e c t s ,  
In  order  t o  secure the  widest poss ib le  use of t h e  information and methods 
developed under t h e  J o i n t  Program, a v a r i e t y  of communication l i n e s  t o  the  
indust ry  and government agencies a r e  being developed. One of these  l i n e s  
is  a s e r i e s  of quar t e r ly  r e p o r t s  t h a t  describe t h e  work i n  grogress,  These 
r e p o r t s  now go by request  t o  more than 600 individuals  i n  indust ry  and 
government, I t  i s  poss ib le  t h a t  the re  a r e  members of  t h e  TREE Community 
who would f i n d  t h i s  information use fu l  but  who a r e  not  y e t  aware of i t s  
existence.  Accordingly we a r e  sending a copy of  t h e  most recent  r epor t ,  
NBS Technical Note 592, t o  everyone on t h e  TREE mailing l i s t .  
We would apprecia te  your advising us whether o r  not  you a r e  i n t e r e s t e d  i n  
rece iv ing f u t u r e  r epor t s  i n  t h i s  s e r i e s  a s  they a r e  issued by marking t h e  
form on t h e  reverse  s i d e  of  t h i s  l e t t e r  and re tu rn ing  it t o  us ,  An address 
block s u i t a b l e  f o r  use i n  s tandard window envelopes is  provided fo- v your 
convenience. 
When reviewing t h i s  r e p o r t ,  p lease  keep i n  mind t h a t  t h e  value of such work 
is  d i r e c t l y  r e l a t e d  t o  t h e  use t o  which t h e  r e s u l t s  a r e  put ,  Close i n t e r -  
ac t ion  between users  of devices i n  m i l i t a r y  systems and t h e  personnel i n  
t h i s  2rogram provides a  d i r e c t  communication l i n k  which has proven t o  be 
extremely e f f i c i e n t  and product ive i n  those  cases  where it has been used. 
If, i n  your ar)ea of  r e s p o n s i b i l i t y ,  t h e r e  a r e  problems t h a t  could be 
aparoached through a p p l i c a t i o n  of improved measurement techniques,  we 
are a v a i l a b l e  f o r  d i scuss ions .  If t h e  problems f a l l  wi th in  t h e  purview 
of DNA, we would be happy t o  d i scuss  t h e i r  poss ib l e  i nc lus ion  i n  t h e  
J o i n t  P r ~ g r a ~  with t h e  DNA p r o j e c t  o f f i c e r .  I f  they  a r e  ou t s ide  t h e  
purview of 3 N A  it i s  poss ib l e  t h a t  o t h e r  arrangements f o r  inc luding  them 
i n  t h e  Jo i i i t  Program could be made. Contacts concerning a p p l i c a t i o n  o r  
ex tens ion  of t h e  work of t h e  program should be d i r e c t e d  t o  M r .  Judson C. 
French, C h i e f ,  E lec t ron  Devices Sec t ion ,  Nat ional  Bureau of  Standards,  
Washington, 3 ,  C. 20234, te lephone (301) 921-3622. 
W, Nurray S u i l i s ,  Chief 
Semiconductor Cha rac t e r i za t ion  Sect ion 
Cl.ectrocic Technology Divis ion 
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FOREWORD 
The J o i n t  Program on Methods of Measurement f o r  Semiconductor Ma- 
t e r i a l . ~ ,  Frocess  Cont ro l ,  and Devices was undertaken i n  1968 t o  focus  NBS 
e f f o r t s  t o  enhance t h e  performance, i n t e r c h a n g e a b i l i t y ,  and r e l i a b i l i t y  
of  d i s c r e t e  semiconductor devices  and i n t e g r a t e d  c i r c u i t s  through improve- 
ments i n  methods of measurement f o r  use  i n  spec i fy ing  m a t e r i a l s  and de- 
vices and i n  c o n t r o l  of  dev ice  f a b r i c a t i o n  processes .  These improvements 
a r e  intended t o  l e a d  t o  a s e t  of  measurement methods which have been care-  
f u l l y  eva lua ted  f o r  t e c h n i c a l  adequacy, which a r e  accep tab l e  t o  bo th  u s e r s  
and s u p p l i e r s ,  which can provide a common b a s i s  f o r  t h e  purchase spec i -  
f i c a t i o n s  of government agenc ies ,  and which w i l l  l e a d  t o  g r e a t e r  economy 
i n  government procurement. I n  a d d i t i o n ,  such methods w i l l  provide a 
b a s r s  f o r  c o n t r o l l e d  improvements i n  e s s e n t i a l  dev ice  c h a r a c t e r i s t i c s ,  
sue11 as ~ n i f o r n i t y  of  response t o  r a d i a t i o n  e f f e c t s .  
The Program is  supported by t h e  Na t iona l  Bureau of  S t anda rdsYt  t h e  
.?. 
Deferise Aromic Support Agency," t h e  U .  S. Navy S t r a t e g i c  Systems P r o j e c t  
O f f i c e , §  t h e  U, S. Navy E l e c t r o n i c s  Systems command,' t h e  Atomic Energy 
  om mission , and t h e  Nat iona l  Aeronaut ics  and Space Adminis t ra t ion.  
The-e i s  n o t  a one-to-one corresponaence between t h e  t a s k s  descr ibed  i n  
t h i s  r e p o r t  and t h e  p r o j e c t s  by which t h e  Program i s  supported.  Although 
a l l  sponsors  subsc r ibe  t o  t h e  need f o r  t h e  e n t i r e  b a s i c  program f o r  i m -  
provement of measurement methods f o r  semiconductor m a t e r i a l s ,  p rocess  
con7:rol, and devices ,  t h e  concern of  c e r t a i n  sponsors  wi th  s p e c i f i c  p a r t s  
of  t h e  Program i s  r e f l e c t e d  i n  planning and conduct o f  t h e  work. 
I" Through Research and Technical  Serv ices  P r o j e c t s  4251120, 4251123, 
b25bJ.26, 4252114, 4252119, 4252128, 4254111, 4254112, and 4254115. 
Through 3 r d e r  EA071-801. (NBS P r o j e c t  4259522). 
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METHODS OF MEASUREMENT FOR 
SEMICONDUCTOR MATERIALS, PROCESS CONTROL, AND DEVICES 
Quarterly Report 
October 1 to December 31, 1970 
ABSTRACT 
This quarterly progress report, tenth of a series, de- 
scribes NBS activities directed toward the development of 
methods of measurement for semiconductor materials, process 
control, and devices. Significant accomplishments during t h i s  
reporting period include successful application of the surface 
photovoltage technique, a non-contacting method, to the meas- 
urement of carrier diffusion length in silicon epitaxial layers 
and development of a novel, but simple, method for measurement 
of acceleration and terminal angular velocity of a photoresist 
spinner. Work is continuing on measurement of resistivity, 
carrier lifetime, and electrical inhomogeneities in semicon- 
ductor crystals; specification of germanium for gama-ray de- 
tectors; evaluation of wire bonds, metallization adhesion, and 
die attachment; measurement of thermal properties of semicon- 
ductor devices, transit-time and related carrier transport 
properties in junction devices, and electrical properties of 
microwave devices; and characterization of silicon nuclear 
radiation detectors. Supplementary data concerning staff, 
standards committee activities, technical services, and publk- 
cations are included as appendixes. 
Key Words: Alpha-particle detectors; aluminum wire; 5ase 
transit time; carrier lifetime; die attachment; electrical 
properties; epitaxial silicon; gamma-ray detectors; gernanium; 
gold-doped silicon; metallization; methods of measurement; 
microelectronics; microwave devices; nuclear radiation detec- 
tors; probe techniques (a-c); resistivity; semiconductor de- 
vices; semiconductor materials; semiconductor process control; 
silicon; thermal resistance; thermographic measurements; ultra- 
sonic bonder; wire bonds. 
INTRODUCTION 
This is the tenth quarterly report to the sponsors of the Joint 
Program on Methods of Measurement for Semiconductor Materials, Process 
Control, and Devices. It summarizes work on a wide variety of measure- 
ment methods that are being studied at the National Bureau af Standards, 
Since the Program is a continuing one, the results and eonelusions re- 
ported here are subject to modification and refinement , 
Fourteen t a s k s ,  each d i r e c t e d  toward a p a r t i c u l a r  m a t e r i a l  o r  
device proper ty  o r  measurement technique,  have been i d e n t i f i e d  a s  p a r t s  
of t h e  Program. The r e p o r t  i s  subdivided according t o  t h e s e  t a sks .  
Highl ights  of a c t i v i t y  dur ing  t h e  q u a r t e r  a r e  given i n  Sec t ion  2.  Sec t ion  
3 dea l s  with t a s k s  on methods of  measurement f o r  m a t e r i a l s ;  Sec t ion  4 ,  
wi th  those  on methods of measurement f o r  process  con t ro l ;  and Sec t ion  5 ,  
with those  on methods of  measurement f o r  devices .  References f o r  each 
s e c t i o n  a r e  l i s t e d  i n  a  s epa ra t e  subsec t ion  a t  t h e  end of t h a t  s ec t ion .  
An important p a r t  o f  t h e  work which f r equen t ly  goes beyond t h e  t a s k  
s t r u c t u r e  is  p a r t i c i p a t i o n  i n  t h e  a c t i v i t i e s  of  var ious  t e c h n i c a l  s t an -  
da rd i z ing  committees. The l i s t  of p-ersonnel involved wi th  t h i s  work 
given i n  Appendix B sugges ts  t h e  e x t e n t  of  t h i s  p a r t i c i p a t i o n .  Addi t iona l  
d e t a i l s  of cu r r en t  e f f o r t s  i n  t h i s  a r e a  a r e  given i n  Sec t ion  2. 
The r e p o r t  of each t a s k  inc ludes  t h e  long-term o b j e c t i v e ,  a  nar ra-  
tive d e s c r i p t i o n  of  progress  made during t h i s  r e p o r t i n g  per iod ,  and a  
l i s t i n g  of p lans  f o r  t h e  immediate f u t u r e .  Addi t iona l  information con- 
cern ing  t h e  m a t e r i a l  r epo r t ed  may be obtained d i r e c t l y  from i n d i v i d u a l  
s t a f f  members connected wi th  t h e  t a s k  a s  i nd ica t ed  throughout t h e  r e p o r t .  
The organiza t ion  of t h e  J o i n t  Program s t a f f  and te lephone numbers a r e  
l i s t e d  i n  Appendix A. 
Backg~ound m a t e r i a l  on t h e  Program and i n d i v i d u a l  t a s k s  may be 
found i n  e a r l i e r  r e p o r t s  i n  t h i s  s e r i e s  as l i s t e d  i n  Appendix D. From 
t ime t o  t i n e ,  pub l i ca t ions  t h a t  desc r ibe  some a spec t  of t h e  program i n  
g r e a t e r  d e t a i l  a r e  prepared. Current pub l i ca t ions  a r e  a l s o  l i s t e d  i n  
Appendix D, 
2. HIGHLIGHTS 
Highl ights  of t h e  t e c h n i c a l  a c t i v i t y  during t h i s  r e p o r ~ i n g  pe r io2  
a r e  presented  i n  t h i s  s e c t i o n ;  d e t a i l s  a r e  given i n  subsequent s e c t i o n s  
of t h e  r e p o r t .  
Resis t iv i ty  - The s tudy  of  c u r r e n t  and probe f o r c e  dependence of 
r e s i s t i v i t y  as measured by t h e  four-probe method was i n t e r r u p t e d  while  
s e v e r a l  changes i n  t h e  experimental  procedure were eva lua ted .  I t  was ob- 
served  t h a t  t h e  s e n s i t i v i t y  of  t h e  four-probe appara tus  t o  mechanical 
v i b r a t i o n s  is  lowest  when t h e  l i n e  of  probe p o i n t s  i s  perpendicular  t o  
t h e  suppor t ing  boom. A s i m p l i f i e d  computation procedure f o r  t h e  correc-  
t i o n  f a c t o r  app ropr i a t e  t o  four-probe r e s i s t i v i t y  measurements on wafers  
wi th  f i n i t e  th ickness  was developed i n  a form s u i t a b l e  f o r  use on a pro- 
grammable desk c a l c u l a t o r .  I n v e s t i g a t i o n  of temperature c o e f f i c i e n t  data 
f o r  s i l i c o n  showed t h a t  t h e  publ ished c o e f f i c i e n t s  can be used t o  c o r r e c t  
r e s i s t i v i t y  measurements t o  any re ferenced  temperature i n  t h e  range 20  t o  
25OC with  t h e  same l i m i t a t i o n s  t h a t  apply t o  c o r r e c t i o n  t o  t h e  s tandard  
r e fe rence  temperature,  23OC. Development work on procedures f o r  exanin- 
i ng  probe damage i n  s i l i c o n  wi th  t h e  scanning e l e c t r o n  microscope i s  con- 
t i n u i n g  i n  connection wi th  work on t h e  spreading r e s i s t a n c e  method, k 
change i n  t h e  d i f f u s i o n  procedure has enabled diodes wi th  more czbrupr 
junc t ions  and h igher  breakdown vo l t ages  t o  be f a b r i c a t e d .  Al"c,ough pre- 
l imina ry  capaci tance-vol tage measurements were made on some of t hese  
diodes,  t h e  a n a l y s i s  was n o t  completed. 
Carrier Lifetime - Increased  emphasis was placed on t h e  s tudy of t h e  
photoconductive decay method f o r  measuring bulk c a r r i e r  l i f e t i m e ,  The 
dependence of t h e  measured va lue  of l i f e t i m e  on s i g n a l  l e v e l ,  app l i ed  
e l e c t r i c  f i e l d ,  chopped-light tu rn-of f  t ime,  and s e r i e s  r e s i s t a n c e  was 
e s t ab l i shed .  An experiment t o  determine t h e  r e l a t i v e  s i n g l e  l abo ra to ry  
p r e c i s i o n  of  t h e  time-mark method and t h e  n u l l  method f o r  measuring pboto- 
conductive decay t ime was begun. The measuring c i r c u i t  f o r  t he  metal- 
oxide-semiconductor capac i tance  method f o r  measuring c a r r i e r  l i f e t i m e  i n  
e p i t a x i a l  l a y e r s  was c a l i b r a t e d ,  and i n i t i a l  measurements were c a r r i e d  
out .  
Previous ly  observed v a r i a b i l i t y  i n  t h e  measurement of t h e  s c r f a c e  
photovoltage w a s  g r e a t l y  reduced by s h i e l d i n g  t h e  specimen and thermopile  
from ambient room l i g h t .  This  new, non-contacting technique was success-  
f u l l y  app l i ed  t o  t h e  measurement of c a r r i e r  d i f f u s i o n  l eng th  i n  s i l i c o n  
e p i t a x i a l  l a y e r s .  
Inhomogeneities - Cor re l a t ion  s t u d i e s  between pho tovo l t a i c ,  four -  
probe, and two-probe r e s i s t i v i t y  p r o f i l e s  were cont inued.  An inves t iga -  
t i o n  i n t o  t h e  var ious  f a c t o r s  which may a f f e c t  p r e c i s i o n  and accuracy af 
t h e  p r o f i l e s  determined by each o f  t h e  t h r e e  measurement methods was i n i -  
t i a t e d .  
HIGHLIGHTS 
Gold-Doped SiZicon - The e f f e c t  of gold accumulated a t  t h e  r i m  o f  
go ld-d i f fused  wafers on t h e  de te rmina t ion  of concent ra t ion  by neutron 
a c t i v a t i o n  a n a l y s i s  was e s t ab l i shed .  R i m  po r t ions  of  wafers  d i f f u s e d  a t  
temperatures  below 1250°C showed erroneously high concent ra t ions .  Boron- 
doped s i l i c o n  wafers  d i f f u s e d  i n  an  oxygen atmosphere showed h ighe r  con- 
c e n r r a t i o n s  of gold than  similar wafers  d i f f u s e d  i n  an argon atmosphere. 
Severa l  r e l a t i v e l y  high r e s i s t i v i t y  p-type specimens showed t h e  same un- 
explained decrease i n  r e s i s t i v i t y  wi th  inc reas ing  gold  concent ra t ion  a t  
high gold concent ra t ions  t h a t  had been observed e a r l i e r  elsewhere. 
Spee-i$;cation of Germanium - Analysis  of t h e  d a t a  obta ined  i n  t h e  
comparison s tudy  of t h e  l i t h i u m  mob i l i t y  and t h e  l i t h i u m  p r e c i p i t a t i o n  
methods f o r  determining oxygen concent ra t ion  i n  germanium has  been com- 
p l e t e d ,  The improved i n f r a r e d  response technique was used t o  examine 
s e v e r a l  a d d i t i o n a l  l i t h ium-dr i f t ed  germanium diodes.  The r e s u l t s  show 
t h a t  t h i s  technique is  capable of  d e t e c t i n g  i m p u r i t i e s  such as copper 
and i d e n t i f y i n g  them by means of t h e i r  observed energy l e v e l s .  It can 
d e t e c t  such impur i t i e s  a t  concent ra t ions  below 1014 cmm3 and appears  t o  b e  
more s e n s i t i v e  than  o t h e r  methods which have been used. 
MetaZZixation EvaZuution - Study of  t h e  s c r a t c h  t e s t  w a s  extended t o  
t h e  case  of t h i c k e r  aluminum f i l m s  depos i ted  on qua r t z  s u b s t r a t e s .  Some 
d i f f e rences  i n  f a i l u r e  c h a r a c t e r i s t i c s  were observed, b u t  they  could no t  
be a t t r i b u t e d  unambiguously t o  t h e  change i n  th ickness .  Prel iminary 
s tudy  of methods f o r  d e t e c t i n g  th re sho ld  adhesion f a i l u r e  i n  t h e  aluminum- 
s i l i c o n  d iox ide - s i l i con  system was begun. 
Die ilt-tachment EvaZuation - Increased  emphasis was placed on t h i s  
a r e a  dur ing  t h i s  r e p o r t i n g  per iod .  De ta i l ed  s t u d i e s  of t h e  r ep roduc ib i l -  
i t y  of t h e  thermal  response curve f o r  ba tches  of  diodes were i n i t i a t e d .  
The r ep roduc ib ik i ty  achieved i n  t h e  first experiments sugges ts  t h a t  t h e  
measurement of thermal response a f t e r  a  hea t ing  power pu l se  a few m i l l i -  
seconds lo13g is  a s e n s i t i v e  i n d i c a t o r  of  d i e  attachment q u a l i t y .  De- 
velopment of procedures f o r  bonding diodes wi th  voids of c o n t r o l l e d  a r e a  
and l o c a t i o n  i n  t h e  d i e  attachment continued. 
Wire Bond BvaZuation - Study of  t h e  e f f e c t  of p u l l  r a t e  on t h e  p u l l  
t e s t  revea led  t h a t ,  when t h e  f a i l u r e  occurred a t  t h e  h e e l  of  t h e  first 
bos,d, p u l l i n g  a t  a  r a t e  equ iva l en t  t o  t h e  " jerk" t e s t  used by some device 
manufacturers g ives  r e s u l t s  s t a t i s t i c a l l y  equ iva l en t  t o  t hose  obta ined  by 
p u l l i n g  a t  t h e  much s lower r a t e s  prev ious ly  s tud ied .  The importance of 
spec i fy ing  a l l  d e t a i l s  of t h e  p u l l  t e s t  inc luding  t h e  wire  bond f a i l u r e  
mode has become apparent .  
Tes t s  c a r r i e d  ou t  t o  s imu la t e  t h e  high temperature environment en- 
c o ~ n t e r e d  by bonds during g l a s s  s e a l i n g  ope ra t ions  f o r  ceramic packages 
showed t h a t  t h e  r educ t ion  i n  p u l l  s t r e n g t h  can be accounted f o r  p r i n c i -  
p a l l y  by t h e  reduct ion  i n  wire  t e n s i l e  s t r e n g t h  caused by t h e  high tem- 
pe ra tu re  annea l ,  
HIGHLIGHTS 
Improvements i n  t h e  l a s e r  mount f o r  interferometry measurements 
were made t o  inc rease  t h e  ease of o p t i c a l  alignment and use of  t h e  i n t e r -  
ferometer on bonding machines. The length  of the  l a s e r  was increased i n  
order  t o  l i m i t  a l l  emission t o  the  TEMOO mode. 
New experiments d i r e c t e d  toward development of measurement methods 
appl icable  t o  in-process bond q u a l i t y  determination were s t a r t e d ,  The 
i n i t i a l  e f f o r t  cons is ted  o f  e l e c t r o n i c a l l y  mixing t h e  60-kHz output 
from t h e  capaci tor  microphone d i rec ted  a t  t h e  bonding t o o l  with a l o c a l  
o s c i l l a t o r .  Preliminary r e s u l t s  showed t h a t  t h e  bonding process can be 
heard through an audio speaker and recorded on magnetic tape ,  Harmonics 
of  t h e  t o o l  motion can be ind iv idua l ly  t r e a t e d  i n  t h e  same manner. It 
is expected t h a t  t h e  harmonic c h a r a c t e r i s t i c s  can be co r re la t ed  with bond 
qua l i ty .  
An improved electromagnetic displacement sensor was designed and 
b u i l t  f o r  t h e  wire  indenta t ion  t e s t e r  which is  nearing completion, 
Processing Facili ty - I n s t a l l a t i o n  of  a  10-kW e lec t ron  beam evapora- 
t i o n  system f o r  the  deposi t ion  of aluminum was completed. A system was 
b u i l t  t o  deposi t  v i t r eous  s i l i c o n  dioxide f i lms from s i l a c e  so  t h a t  s i i i -  
con dioxide l a y e r s  may be produced a t  low temperatures. 
A novel,  but  simple, method was developed f o r  the  measurement of -rhe 
acce le ra t ion  and terminal  angular ve loc i ty  of a  photores is t  sp inner ,  
Thermal Properties o f  Devices -Work continued on the  preparat ion of 
a  s u i t a b l e  measurement procedure and da ta  co l l ec t ion  format f o r  the  pre- 
l iminary thermal r e s i s t a n c e  round robin  being conducted by JEDEC Con~mittee 
JC-25 on Power Trans is tors .  
I t  was found t h a t  t h e  increase  i n  the  thermal r e s i s t a n c e  wzich i s  
sometimes observed a s  case temperature increases  can be r e l a t e d  t o  t h e  
increase  i n  thermal r e s i s t i v i t y  of t h e  s i l i c o n  chip with temperature, 
The r e s u l t s  of a  study undertaken t o  determine t h e  e f f e c t  of val-iations 
i n  device case temperature on t h e  vol tage  a t  which a hot  spot  was formed 
suggest t h a t  hot-spot formation i s  governed by t h e  magnitude of a  loca l -  
ized  temperature increase  i n  t h e  t r a n s i s t o r  r a t h e r  than by the  absolute 
temperature of  t h e  chip. This r e s u l t  appears t o  be cons i s t en t  with a 
previously proposed model f o r  thermal hys te res i s .  
Microwave Device Measurements -The audio i - f  por t ion  of -%he X-band 
mixer diode measurement system was b u i l t  and t e s t e d .  A measurement tech- 
nique was developed t o  enable t h e  mixer i-f r e s i s t a n c e  t o  be read d i r e c t l y  
from a c a l i b r a t e d  prec is ion  decade r e s i s t a n c e  box. A feedback Loop was 
constructed t o  improve t h e  amplitude s t a b i l i t y  of t h e  l o c a l  o s c i l l a t o r  
i n  t h e  r-f por t ion  of t h e  X-band system. 
HIGHLIGHTS 
Carrier T~ansport  i n  Junction Devices - Const ruc t ion ,  i n i t i a l  t e s t -  
ing, and adjustment of t h e  Sandia-type delay-time b r idge  were completed. 
A p re l iminary  a n a l y s i s  of t h e  b r idge  showed t h a t  t h e  de lay  t ime r ead  from 
the l i n e  s-creechers can be  made t o  be  independent of mismatch between t h e  
l i n a  s t r e t c h e r s  and t h e  t r a n s i s t o r  being measured. F i e l d  and l i t e r a t u r e  
surveys of both de lay  t ime measurement and probing techniques were con- 
tirzued, 
SiZicon fJucZear Radiation Deteetors - P r e f l i g h t  bench-test ing of  
l i t h ium-dr i f t ed  s i l i c o n  r a d i a t i o n  d e t e c t o r s  continued. I n i t i a l  experi-  
ments were conducted i n  t h e  ambient exposure t e s t  program t o  determine 
t h e  e f f e c t s  of hazardous ambients on t h e  performance c h a r a c t e r i s t i c s  of 
l i-chium-drifted and s u r f a c e - b a r r i e r  s i l i c o n  d e t e c t o r s .  E igh t  l i th ium-  
d r i f t e d  s i l i c o n  d e t e c t o r s  were acqui red  f o r  r a d i a t i o n  damage experiments.  
Standmdiantion Act iv i t ies  - Many of  t h e  s t anda rd iza t ion  a c t i v i t i e s  
undertaken by program s t a f f  members a r e  broader  than  t h e  t e c h n i c a l  t a s k s  
descr ibed  i n  t h e  fo l lowing  s e c t i o n s .  These a c t i v i t i e s  involve  both co- 
o rd ina t ion  of e f f o r t s  which may encompass a  v a r i e t y  of t a s k s  and p a r t i c i -  
pa-tion i n  a r e a s  where no d i r e c t  t e c h n i c a l  e f f o r t  is  p r e s e n t l y  underway. 
W, M, a u l l i s  and D. E. Sawyer a t t ended  an  i n t e r s o c i e t y  meeting on 
Need f o r  Standards i n  Radia t ion  E f f e c t s  on E l e c t r o n i c  P a r t s ,  Ma te r i a l s ,  
ano Devices organized by R.  S. Shane of American Socie ty  f o r  Tes t ing  and 
Mater ia l s  (ASTM) Committee E-10 on Radioisotopes and Radia t ion  E f f e c t s  
in October,  The I n s t i t u t e  of  E l e c t r i c a l  and E lec t ron ic s  Engineers (IEEE), 
Sociery of Automotive Engineers  (SAE), America1 I n s t i t u t e  of Aeronaut ics  
and As t rocau t i c s  (AIAA), American Nuclear Socie ty  (ANSI, and ASTM were 
represented  i n  a d d i t i o n  t o  v a r i ~ u s ~ g o v e r n m e n t  agencies .  A t  t h i s  meeting 
t h e  va r ious  requirements f o r  s tandard  t e s t  methods, nomenclature, formats ,  
and s ~ e c i f i c a t i o n s  i n  t h i s  f i e l d  were d iscussed  and var ious  a r e a s  were 
r e f e r r e d  r o  t h e  groups r ep re sen ted  f o r  app ropr i a t e  ac t ion .  The develop- 
mentoof t e s t  methods appropr i a t e  t o  e l e c t r o n i c  m a t e r i a l s  and devices  was 
r e z e r r e d  ?:o both IEEE and ASTM. Program s t a f f  members a r e  a c t i v e  par- 
t i c i p a n t s  Ln a l l  app ropr i a t e  groups i n  t h e s e  s o c i e t i e s .  
W, M, B u l l i s  presented  an  i n v i t e d  d i scuss ion  of s t anda rd iza t ion  
e f f o r t s  i n  t h e  i n t e g r a t e d  c i r c u i t  f i e l d  a t  t h e  f a l l  meeting of SAE Com- 
m i t t e e  H oc E l e c t r o n i c  Ma te r i a l s  and Processes .  This  committee i s  pres-  
e n t l y  undergoing r eo rgan iza t ion  i n  an e f f o r t  t o  focus app ropr i a t e  a t t e n -  
tion on t h e  development of  s p e c i f i c a t i o n s  of  p a r t s  and m a t e r i a l s  f o r  
i n t e g r a t e d  c i r c u i t s  . 
A t  t h e  i n v i t a t i o n  of  t h e  chairman, J. C.  French a t t ended  a meeting 
of SAE Subcommittee A-2N on Radia t ion  Hardening and Nuclear S u r v i v a b i l i t y .  
H e  was aslced t o  provide cont inuing  l i a i s o n  t o  t h e  subcommittee i n  r ega rd  
t o  t e s t  method development i n  ASTM Committee F-1. 
HIGHLIGHTS 
Mrs. K.  0. Leedy organized t h e  Washington Area Scanning Electron 
Microscopists  i n  o rde r  t o  provide a medium of exchange f o r  l o c a l  workers 
i n  t h i s  important  d i agnos t i c  f i e l d .  The organiza t ion  has over 80 members 
and conducts monthly meetings arranged around a t e c h n i c a l  p re sen ta t ion  i n  
t h e  f i e l d .  
The r eo rgan iza t ion  of  t h e  E l e c t r o n i c  I n d u s t r i e s  Associat ion Commit- 
t e e s  on Semiconductor Devices (JEDEC) and Microe lec t ronics  (NED) into 
t h e  So l id  S t a t e  Div is ion  has  caused some rearrangement of a c t i v i t y  by 
Program s t a f f  members. P a r t i c i p a t i o n  i n  t h e  new committee s t r u c t u r e  i s  
ind ica t ed  i n  Appendix B. F. F. Oe t t i nge r  has  been reques ted  t o  c h a i r  a 
Task Group on Microelectronics  Thermal Considerat ions of Subcommittee 3 
on Microe lec t ronic  Devices of  Committee J C - 1 1  on Mechanical Standardiza-  
t i o n .  Other a c t i v i t i e s  d i r e c t l y  r e l a t e d  t o  thermal  r e s i s t a n c e  measure- 
ments a r e  r epo r t ed  i n  Sec t ion  4.1. 
Although t h e r e  was no meeting of ASTM Committee F-1 during e h i s  
q u a r t e r ,  cons iderable  round rob in  and e d i t o r i a l  review a c t i v i t y  continued 
i n  a v a r i e t y  of  a r eas .  
3, METHODS OF MEASUREMENT FOR SEMICONDUCTOR MATERIALS 
3.1. RESISTIVITY 
:ive: - To develop methods, s u i t a b l e  f o r  use  throughout t h e  
e l e c t r o n i c s  i ndus t ry ,  f o r  measuring r e s i s t i v i t y  of bu lk ,  e p i t a x i a l ,  and 
d i f fused  s i . l icon wafers ,  
Progress:  Data c o l l e c t i o n  a c t i v i t y  on t h e  s tudy  of  c u r r e n t  and 
probe f o r c e  dependence of r e s i s t i v i t y  a s  measured by t h e  four-probe 
merhod was i n t e r r u p t e d  while  s e v e r a l  changes i n  t h e  experimental  proce- 
dure were evaluated.  A s i m p l i f i e d  computation procedure f o r  t h e  correc-  
t ios;  factox. f o r  f i n i t e  wafer t h i ckness  was developed i n  a form s u i t a b l e  
f o r  use on a programmable desk c a l c u l a t o r .  I n v e s t i g a t i o n  of temperature 
c o e f f i c i e n t  d a t a  f o r  s i l i c o n  showed t h a t  t h e  publ ished c o e f f i c i e n t s  can 
be used t o  c o r r e c t  r e s i s t i v i t y  measurements t o  any r e fe rence  temperature 
i n  t h e  range 20 t o  25OC from a measurement temperature up t o  5OC d i f f e r -  
e n t  from t h e  r e f e rence  temperature.  Work on t h e  spreading  r e s i s t a n c e  
method has been concent ra ted  on development of procedures f o r  examining 
probe damage i n  s i l i c o n  wi th  t h e  scanning e l e c t r o n  microscope. Diodes 
wi th  more abrupt  junc t ions  and h ighe r  breakdown vo l t ages  have been f a b r i -  
ca t ed  and s t u d i e d  by t h e  capaci tance-vol tage method. 
Pour-P~obe Method - The s tudy  of  c u r r e n t  and probe f o r c e  dependence 
of r e s i s t i v i t y  a s  measured by t h e  four-probe method on mechanically 
pol i shed  s.Lices i s  being delayed pending i n v e s t i g a t i o n  of c e r t a i n  changes 
i n  experimental  procedure. The o b j e c t  of  t h i s  s tudy has been t o  d i s t i n -  
gu ish  changes i n  measured r e s i s t . i v i t y  wi th  change i n  probe f o r c e ,  cu r r en t  
l e v e l ,  o r  su r f ace  p repa ra t ion  a t  o r  near  t h e  one-percent l e v e l .  D i f f i -  
c u l t i e s  i n  t h e  s t a t i s t i c a l  a n a l y s i s  of measurements prev ious ly  made on 
wafers w i t : ?  lapped su r f aces  could be a t t r i b u t e d  t o  t h e  f a c t  t h a t  f o r  a 
nuxber of measurements t h e  average r e s i s t i v i t y  o r  measured p r e c i s i o n  was 
t o o  f a r  o u t s i d e  t h e  consensus f o r  t h e  wafer. A p l o t  o f  average r e s i s -  
t i v i t y  a g a i n s t  s tandard  dev ia t ion  was made f o r  a l l  d a t a  taken on each 
wafer ,  The d a t a  f o r  each wafer which included a l l  combinations of cur- 
r e n t  l e v e l  and probe loading  used i n  t h e  t e s t  (NBS Tech. Note 555, pp. 
6-7) tended t o  c l u s t e r  except  f o r  a few s c a t t e r e d  po in t s .  I n  gene ra l ,  
d a t a  taken a t  t h e  in te rmedia te  probe load  of 50 g produced t h e  l a r g e s t  
n u d e r  of d a t a  po in t s  l y i n g  o u t s i d e  t h e  c l u s t e r .  The cause of t h i s  ob- 
s e r v a t i o n  has no t  y e t  been i d e n t i f i e d .  
Heretofore measurements a t  each probe loading  have been made wi th  a 
d i f f e r e n t  four-probe head. Because t h e  probe p o i n t  q u a l i t y  might vary  
from head t o  head, t h i s  has  in t roduced  an e x t r a  v a r i a b l e  i n t o  t h e  pro- 
cedure,  A s h o r t  i n v e s t i g a t i o n  showed t h a t  probe sp r ings  can be p r e s e t  
f o r  a given probe head and r e p r o d u c i b l y , i n s e r t e d  when needed i f  c a r e  i s  
taken t o  l o c k  t h e  adjustment screws i n  p l ace  and i f  small shims a r e  added 
t o  t h e  probe head s o  t h a t  each s p r i n g  block can be r epea t ab ly  mounted a t  
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the same height within the probe head. With the use of these procedures 
the same probe head and probe point set can be used for all future meas- 
urements. 
Microscopic examination of polished wafers after a series of meas- 
urements indicated a considerably larger probability of placing the probe 
points in previously damaged spots than had been anticipated, Earlier 
work on lapped surfaces had shown an increased scatter of data when rneas- 
urements are taken in previously damaged locations. These two observa- 
tions suggest that data should be taken at all current values before 
changing wafer orientation rather than at a single current value for all 
wafer orientations as has been done so far. Several specimens are being 
investigated to determine the effect on precision if the data-taking 
sequence is modified in this way. (F. H. Brewer and D, R, Ricks) 
During the course of the investigation, some unreasonably random 
data were encountered on a 100-Rocm p-type slice, A subsequent check 
disclosed that the four-probe apparatus is quite sensitive to vibrations, 
both transmitted through the laboratory and air-borne, such as voice, 
This microphonic signal is directly proportional to the current level 
used for measurement of any one wafer; for equal current levels on differ- 
ent wafers it is proportional to the power supply compliance voltage, 
This microphonic signal was observed on all wafers with resistivity above 
0.01 Q*cm. It is believed that vibration results in oscillation of the 
probe point and of its associated contact resistance to the wafer and 
that the output of the power supply then oscillates as it tries to main- 
tain constant current. Indeed, current oscillations were measured as a 
result of these fluctuations. Spurious signals as large as 5 V could be 
induced across the current probe points by footfalls near the equipmect 
bench when operating at a 150-V compliance voltage on 100-R-crn material, 
This produced as much as 60 mV of spurious normal mode signal with a dis- 
torted, modulated 60-Hz wave form at the voltage measuring probes, AE 
erroneous measurement of slice resistivity may result from such a signal 
since it may not be fully rejected by the digital voltmeter, The use of 
acoustic padding under the probe stand and a vacuum chuck to hold the 
wafer reduced the "noise" by about 40 percent. It was also observed that 
changing the orientation of the probe head in its clamp could also result 
in about a 50-percent change in the susceptibility of the probe to vihra- 
tions. An orientation with the line of probe points transverse to the 
axis of the supporting boom was found to be preferable, ( J .  R, Ehrstein) 
Correction Factor for Finite Thickness - The resistivity p of a thin 
sheet of material of thickness w as measured by a collinear four-probe 
array of spacing S is 
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where I is the current passing through the outer probes and V is the po- 
tential difference between the inner probes. The correction factor 
F(w/S) has been calculated by Smits [ll using methods developed by Uhlir 
121. If the sheet is surrounded by insulating media 
For a thin wafer, the summation in G 7 ( w / 5 )  converges very slowly; great 
care must be taken and multiple precision arithmetic must be used to pre- 
venr a significant accumulation of round-off errors. 
The problems of subtracting two nearly equal terms can be avoided 
by expanding each of the terms in a binomial series and performing the 
subtzac-cion before computing the terms. In this case 
Convergence here requires that nw > 5; if nw < 2 5 ,  additional terms in 
the bin0mia.L expansion are required for satisfactory precision. 
In calculating the functions from which he computed his correction 
factors, Ublir [ 2 1  suggested switching from one series to the other at 
an appropriate value for n. This technique is satisfactory in the pres- 
ent case if the sbritch is made after M terms where M is the smallest 
value of n for which the inequality n > 2s/w applies. The series ( 4 )  is 
truncated after N terms where the Nth term is required to have a value 
less than a specified residual. Then eq ( 3 )  becomes: 
The computation may be carried out easily on a programmable desk 
calculator or larger computer. The results are given in table 1. The 
values quoted by Smits [11 are listed in column 2 while interpolated 
values L4j for even tenths are listed in column 3. Results of the present 
c a l c u l a t i o n  agree  . to  w i th in  1 p a r t  i n  l o 4  with those  of Srrits except f o r  
w / S  = 1. I n  t h i s  c a l c u l a t i o n  t h e  Nth term was r equ i r ed  t o  be smaller 
than  l o w 5 ,  
The same r e s u l t s  a r e  obta ined  ( t o  w i th in  3 p a r t s  i n  l o 5 )  3nd t h e  
same number of terms a r e  r equ i r ed  i f  M i s  he ld  cons tan t  a t  2 0 ,  Exact 
agreement wi th  Smits i s  achieved i f  t h e  cond i t i on  t h a t  t h e  r e s i d u a l  be 
sma l l e r  than  is  imposed b u t  t h i s  more than  doubles t h e  nuinber of 
terms i n  t h e  s e r i e s  (4 ) ;  t h e  c a l c u l a t i o n  is  degraded i f  t h e  seventh or'der 
terms a r e  not  used o r  if a r e s i d u a l  l a r g e r  than  l o m 5  i s  p e r a i t t e d ,  
For a f i n i t e  specimen, t h e  o v e r a l l  c o r r e c t i o n  i s  est imared by 
mul t ip ly ing  toge the r  c o r r e c t i o n  f a c t o r s  f o r  t h e  th ickness  (der ived  on the 
b a s i s  of an i n f i n i t e s i m a l l y  t h i n  s h e e t  of  f i n i t e  d i ame te r ) ,  I n  view of  
t h e  second-order e r r o r  i nhe ren t  i n  t h i s  procedure,  refinemenr of t h e  cal- 
c u l a t i o n  f o r  G ~ ( . W / ? )  beyond t h a t  given i n  eq (-5) with a  r e s i d u a l  of l ~ - ~  
does no t  seem j u s t i f i e d .  (W,  2, P h i l l i p s  1 
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Temperature Coefficient of Resistivity - The applicability of pre- 
viously calculated temperature coefficients C51 to correcting silicon re- 
sistivity data to reference temperatures other than 23OC was investigated 
at rn.5 request of the Resistivity Section of ASTM Committee F-1. From 
the data talcen previously C51 on n-type and boron-doped silicon wafers, 
values of resistivity were calculated for each wafer at 1°C intervals for 
wafer temperatures from 15 to 30°C inclusive. These values were then cor- 
rected to 20, 23, and 25OC with the use of 1) the temperature coefficient 
experimentally determined for the wafers and 2) the temperature coeffi- 
eiez1-c computed from the polynomial fit CNBS Tech. Note 560, pp. 6-8) to 
the eemperature coefficient-resistivity curve. The corrected values were 
then compared with the calculated values derived from the data. 
In all cases the corrected values of resistivity computed from the 
experimentally determined temperature coefficient for that wafer were 
within 0,1 percent of the calculated value if the difference between 
wafer temperature and reference temperature did not exceed 5OC. Similar 
results were found when the temperature coefficient computed from the 
polynomial fit was used. In the few cases where greater differences were 
observed between resistivities derived from the experimentally determined 
and computed coefficients, the errors introduced for correction to refer- 
ence temperatures of 20 and 25OC were not significantly different from 
those for correction to a reference temperature of 23OC. In all of these 
cases the experimentally derived temperature coefficient did not fall on 
the snooth curve joining most of the data points. 
From these results it was concluded that the temperature coefficient 
d a t a  derived for a reference temperature of 23OC could be used to correct 
resrstivity measurements to 20 and 25OC without significantly reducing 
the precision of the measurement provided that the wafer temperature 
(during measurement) did not differ from the reference temperature by 
rnozw. than S0C,  (W. M. Bullis) 
Staa&~dization Activities - Data has been received and analyzed 
fron six o f   he eight participants in the round robin sponsored by Com- 
mittee F-l to measure the resistivity of ultra-high resistivity silicon 
by :he four-probe method. As expected, the greatest interlaboratory 
variation occured in general for the specimens which had the highest re- 
ported resistivity values. One laboratory had particular difficulty with 
p-type specimens, measuring well below the multi-laboratory average on 
all three p-type specimens. Difficulty with measuring the conductivity 
type of the specimens was encountered only on the specimen which had the 
hig5est average resistivity of all specimens considered. For this speci- 
%en, two laboratories measured both n- and p-type character. 
Additional work done on this particular specimen indicates an ex- 
trerne uependence of measured resistivity upon the method of surface 
cleaning and the time lapse between cleaning and measurement. Average 
r e s i s t i v i t i e s  between 9100 and 18400 Q*cm were obta ined  a f t e r  var ious 
c leaning  procedures .  D e t a i l s  of t h e  cause of  t h i s  v a r i a b i l i t y  have nor 
y e t  been e s t ab l i shed .  
Data have been rece ived  and analyzed from s i x  of t h e  twelve p a r t - c i -  
pa t ing  l a b o r a t o r i e s  i n  t h e  round rob in  t o  measure t h e  r e s i s t i v i t y  of 
e p i t a x i a l  l a y e r s  on oppos i t e  conduct iv i ty  type  s u b s t r a t e s  by t h e  four -  
probe method. (F. H, Brewer) 
Spreading Res is tance  Methods - The s tudy  of spreading r e s i s t a n c e  con- 
t a c t s  has  concent ra ted  on use  of t h e  scanning e l e c t r o n  microscope t o  ex- 
amine probe damage i n  s i l i c o n .  Although some high q u a l i t y  e l e c t r o n  micro- 
scope p i c t u r e s  have been made on s i l i c o n  s u r f a c e s  a f t e r  t h e  su r f ace  r e -  
ceived a  gold depos i t i on  o r  was a l loyed  with gold ,  t h e  r e s u l t s  have noc 
been f u l l y  reproducib le .  Because of l a c k  of understanding of the r e -  
l a t i o n  between t h e  condi t ions  of probe lowering and t h e  quali-cjr of che 
r e s u l t i n g  spreading  r e s i s t a n c e  c o n t a c t ,  a  search  i s  being made f o r  a s u i t -  
a b l e  p i e z o e l e c t r i c  o r  o t h e r  form of t ransducer  t h a t  can be used t o  measur3e 
t h e  impact momentum of t h e  spreading  r e s i s t a n c e  probe s o  t h a t  t h i s  quan- 
t i t y  can be r e l a t e d  t o  specimen s u r f a c e  damage and e l e c t r i c a l  s t a b i l i t y  
of  t h e  con tac t .  (J* R, E h r s t e i n )  
Capacitance-Vo Ztage Method - Diodes wi th  more abrupt  j unc?:ions t i 2  an 
were a t t a i n a b l e  with previous procedures have been obta ined  by us: lng a 
3 h s ing le - s t ep  boron d i f f u s i o n  a t  1050°C. With t h i s  d i f f u s i o n  procedure, 
junc t ion  depth was increased  from a  planned va lue  of 1 \Am t o  about 2 v?, 
and breakdown vo l t ages  up t o  40 V and 60 V ,  r e s p e c t i v e l y ,  were obtained 
f o r  0.76-mm and 0.5-mm diameter  diodes f a b r i c a t e d  i n  nominal 1-Rscm, 
n-type s i l i c o n .  
Capacitance measurements on t h e s e  wafers  a r e  l i m i t e d  t o  diodes with 
high breakdown vo l t ages .  A comparison of t h e  r e s i s t i v i t i e s  of t h r e e  of 
t h e  d i f f u s e d  n-type wafers a s  measured by t h e  four-probe an6 capaci tance-  
vo l t age  (C-V) methods showed t h e  C-V r e s i s t i v i t y  va lues  t o  be c o n ~ i s t e ~ ~ t l y  
h igher .  The b e s t  agreement between four-probe and C-V r e s i s t i v i t y  meas- 
urements was obta ined  on t h e  wafer  t h a t  had t h e  s m a l l e s t  r a d i a l  r e s i s -  
t i v i t y  v a r i a t i o n .  ( G .  N .  Stenbakken and T, F, Eeedp) 
Plans:  The eva lua t ion  of t h e  e f f e c t s  of changes i n  t h e  experimental  
procedure f o r  t h e  c u r r e n t  and probe f o r c e  dependence of r e s i s t i v i t y  as 
measured by t h e  four-probe method w i l l  be completed and appropr i a t e  
changes made. Data c o l l e c t i o n  on mechanically pol i shed  wafers w i l l  be 
resumed. When t h e  wafers from t h e  u l t r a -h igh  r e s i s t i v i t y  round robin  ire 
r e tu rned ,  work w i l l  begin on a  comprehensive s tudy  of t h e  e f f e c t  of spec- 
imen su r f ace  p repa ra t ion  on t h e  r e s i s t i v i t y  measurement of t hese  wafers ,  
Data from t h i s  and t h e  e p i t a x i a l  r e s i s t i v i t y  round r o b i n  w i l l  be com- 
puted and t a b u l a t e d  a s  rece ived .  Because of d i f f i c u l t i e s  encountered i n  
t h e  r e s i s t i v i t y  inhomogeneity s tudy  ( see  Sec t ion  3.3) when wafers are 
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miscentered by only 100 vm or so during a four-probe resistivity profile, 
a mechanical wafer centering apparatus will be built. 
A detailed study will be made on the necessary treatment to get re- 
peatable, high-resolution SEM photomicrographs of probe damage in silicon. 
It will include a range of silicon resistivities of both conductivity 
types with both evaporated coatings and alloyed surfaces. Work will con- 
tinue on finding a satisfactory transducer for measuring the impact mo- 
mentldm of the spreading resistance probe under various experimental sit- 
uations, Results of this work will be related to the electrical stability 
of the contacts , 
Focr-proSe resistivity profiles will be repeated on previously dif- 
fused 1-Recm wafers to investigate whether the long diffusion times have 
in any way altered the radial resistivity profile on the original mate- 
rial, Diodes will be fabricated on additional 1-i2-cm, n-type wafers with 
more uniform resistivity profiles than wafers previously used. Diodes 
will also be fabricated in 15-R*cm, float zoned, n-type wafers. These 
tdo groLps of wafers will be used to investigate the diagreement between 
C-V and four-probe measurements of resistivity already observed for de- 
pendence on ~esistivity level and effect of resistivity profile. 
3.2. CARRIER LIFETIME 
Objective: To determine the fundamental limitations on the precision 
-
and applicability of the photoconductive decay method for measuring mi- 
nority carrier lifetime and to develop alternative methods for measuring 
mincrity car:oier Lifetime in germanium and silicon which are more precise, 
xiore convenien~, or more meaniqgful in the specification of material for 
device purposes, 
Progress: increased emphasis was placed on the study of the photo- 
conducti.ve decay method for measuring bulk carrier lifetime. The de- 
pendence of the measured value of lifetime on signal level, applied 
electric field, chopped-light turn-off time, and series resistance was 
established, An experiment to determine the relative single laboratory 
precision of tne time-mark method and the null method for measuring photo- 
conductive decay time was begun. The measuring circuit for the metal- 
oxide-semiconductor capacitance method for measuring carrier lifetime in 
epitaxial layex was calibrated, and initial measurements were carried 
out, 
?reviously observed variability in the measurement of the surface 
pho-rovoltage was greatly reduced by shielding the specimen and thermopile 
from ambient room light. This new, non-contacting technique was success- 
fully applied to the measurement of carrier diffusion length in silicon 
epi-taxial layers, 
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Bulk CqstaZs - To expedi te  t h e  r e v i s i o n  of t h e  PCD method, in -  
c reased  emphasis was placed on t h i s  measurement. A group of experimenrs 
was designed t o  s tudy  t h e  dependence of t h e  measured va lue  of l i f e t i m e  on 
PCD s i g n a l  l e v e l ,  appl ied  e l e c t r i c  f i e l d ,  chopped-light turn-off  t ime,  
and s e r i e s  r e s i s t a n c e .  The o b j e c t i v e  of t hese  experiments was t o  accu- 
mulate d a t a  t o  determine appropr i a t e  t e s t  condi t ions  f o r  t h e  r ev i sed  PCD 
procedure,  inc luding  methods of s e l e c t i o n  of t h e  specimen cu r ren t  and 
s i g n a l  l e v e l .  
The decay time was s tud ied  a s  a  func t ion  of t h e  magnitude of t he  
s e r i e s  r e s i s t a n c e  t o  determine a  lower l i m i t  of t h e  s e r i e s  r e s i s t a n c e .  
For a  group of f o u r  samples,  decay t ime was measured f o r  d i f f e r e n t  values 
of t h e  r a t i o  of t h e  s e r i e s  r e s i s t a n c e  t o  t h e  specimen r e s i s t a n c e  (Rs/R) 
i n  t h e  range 0 .1  t o  20. I t  was found t h a t  ( 1 )  t h e  signal. l e v e l  decreased 
a s  Rs/R decreased,  ( 2 )  t h e  decay t imes measured a t  low Rs/R d i f f e r e d  from 
those  measured a t  high Rs/R, and ( 3 )  t h e  magnitude of  t h e  s tandard  de- 
v i a t i o n  of t h e  measurement va r i ed  randomly over t h e  range of R /R d e s p i t e  
t h e  lower s ignal- to-noise r a t i o  a t  low Rs/R. To ensure t h a t  t g e  measured 
decay t ime is  independent of  t h e  s e r i e s  r e s i s t a n c e ,  a  s e r i e s  r e s i s t a n c e  
a t  l e a s t  t e n  times t h e  spec2men r e s i s t a n c e  must be employed, 
The dependence of t h e  measured decay t ime on t h e  turn-off  time of 
t h e  chopped l i g h t  was s tud ied  t o  determine an upper l i m i t  f o r  t h e  turn-of f  
t ime i n  terms of t h e  r a t i o  of tu rn-of f  t ime t o  PCD l i f e t i m e  ( t o f f / ~ p C D ) e  
Five samples were measured f o r  d i f f e r e n t  va lues  of toff/-ipCD i n  t h e  range 
one t o  f o u r .  I t  was found t h a t  f o r  toff /~pCD < 2, t h e  measured decay time 
was approximately cons tan t  and equal  t o  t h e  PCD l i f e t i m e ,  To avoid in -  
f l uenc ing  of t h e  r e s u l t  by t h e  time-off t ime,  measurements must be made 
i n  t h i s  range.  A t r a n s i t i o n  occurred f o r  t o f f / y p C D  between 2 and 3 ;  f o r  
t O f f / ~ p C D  > 3, t h e  measured decay t ime increased  wi th  inc reas ing  turn-off  
t ime. For t h e  condi t ions  of measurement t h e  t r a n s i t i o n  po in t  was ca l -  
cu l a t ed  t o  be between 3.9 and 4. The discrepancy between t h e  ca l cu la t ed  
and observed va lues  is  a t t r i b u t e d  t o  l a c k  of  sharpness  i n  t h e  turn-of f  
c h a r a c t e r i s t i c  o f  t h e  l i g h t .  
To s tudy t h e  e f f e c t  of sweep-out, photoconduct ivi ty  scans of e i g h t  
specimens were made on t h e  appara tus  developed f o r  s t u d i e s  of r e s i s t i v i t y  
inhomogeneity ( s ee  Sec t ion  3.3). Since t h e  photoconduct ivi ty  i s  pro- 
p o r t i o n a l  t o  t h e  l i f e t i m e ,  t h e  f a l l  of t h e  photoconduct ivi ty  near  t h e  end 
con tac t s  is  a  measure of sweep-out. The e l e c t r i c  f i e l d  was normaliy 
s e l e c t e d  t o  produce a d r i f t  l ength  of about 1 mm. I t  was found t h a t  
sweep-out always occurred wi th in  f i v e  d r i f t  l eng ths  of t h e  end c o n t a c t s ,  
Thus, masking t h e  specimen so  t h a t  t h e  reg ion  wi th in  f i v e  d r i f t  l eng ths  of  
t h e  con tac t s  i s  no t  i l l umina ted  is  expected t o  avoid sweep-out, 
The l i f e t i m e  i s  a  func t ion  of  t h e  i n j e c t e d  c a r r i e r  d e n s i t y ,  which 
can be r e l a t e d  t o  t h e  s i g n a l  l e v e l .  For a  group of s i x  samples,  l i f e t i m e  
was measured a t  var ious  s i g n a l  l e v e l s .  For t h e s e  l i f e t i m e  measurements 
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t he  r e l a t i o n s h i p  of t h e  s tandard  dev ia t ion  t o  t h e  s i g n a l  l e v e l  was s tud ied .  
Thesis d a t a  showed a  c l e a r c u t  d i f f i c u l t y  i n  making p r e c i s e  l i f e t i m e  meas- 
urements a t  lower s i g n a l  l e v e l s ,  b u t  a  method f o r  s p e c i f i c a t i o n  of t h e  
app ropr i a t e  s i g n a l  l e v e l  has no t  y e t  been formulated.  
Since sweep-out, ohmic hea t ing  of t h e  specimen, c u r r e n t  l e v e l ,  and 
s i g n a l  l e v e l  a r e  i n t e r r e l a t e d ,  an experiment t o  s tudy  t h e  e f f e c t  of sam- 
p l e  hea t ing  was i n i t i a t e d .  The dependence of specimen temperature on t h e  
specimen cu r ren t  is  being i n v e s t i g a t e d  f o r  a  group of fou r t een  samples. 
These samples cover t h e  r e s i s t i v i t y  range 1 t o  1500 Q*cm. 
To determine t h e  r e l a t i v e  p r e c i s i o n  of two methods f o r  measuring t h e  
specimen vo l t age  decay time two ope ra to r s  a r e  measuring a  s i n g l e  sample 
by both methods f o r  an extended pe r iod .  The f i r s t  method c o n s i s t s  of 
matching t h e  PCD curve t o  an exponent ia l  curve in sc r ibed  on t h e  o s c i l l o -  
scope gratic;ule. The t ime cons tan t  of t h e  matched curve is  measured wi th  
a time-mark gene ra to r .  I n  t h e  second method, a  d i f f e r e n t i a l  o sc i l l o scope  
inptit  i s  used t o  match t h e  PCD curve wi th  an e l ec t ron ica l ly -gene ra t ed  
exponent ia l  curve ,  When t h e  time cons t an t s  of t h e  two curves a r e  equal ,  
a  nuill i n  -the form of a  s t r a i g h t  l i n e  i s  formed. This  experiment is  s t i l l  
i n  p rog res s ,  (A.  J, Baroody and R.  L .  Ma t t i s )  
EpitariaZ Layers - The measuring c i r c u i t  f o r  t h e  MOS capac i tance  
method was cons t ruc t ed ,  c a l i b r a t i o n  was c a r r i e d  o u t ,  and i n i t i a l  l i f e t i m e  
measurements were begun. A computer program was w r i t t e n  s o  t h a t  t h e  t r an -  
s i e ~ t  capaci tance da t a  could be analyzed by t h e  methods of Zerbst  [l], 
Keirnan [ 2 ] ,  and Salama and Holmes [3]. Whereas t h e  l i f e t i m e  va lues  ca l -  
cu l a t ed  by the  methods of Zerbst  [l] and Salama and Holmes [31 were i n  
agreement, tne va lues  c a l c u l a t e d  by t h e  method of Heiman [21 d i f f e r e d  
from t h e  o t h e r s ,  This prompted a  reexamination of  t h e  theory .  I t  was 
found t h a t  d i e  methods of Zerbst  [l] and Heiman [21 a r e  no t  e n t i r e l y  
mutually c o n s i s t e n t  a s  suggested e a r l i e r  (NBS Tech. Note 560,  p.  1 2 ) .  
Although t h e  method of Zerbst  C11 reduces t o  t h e  method of Heiman C21 f o r  
t h e  case i n  which su r f ace  charge genera t ion  is n e g l i g i b l e ,  t h e  two methods 
give d i f f e r e n t  Lifet ime va lues  when t h i s  condi t ion  i s  no t  met. 
The f i r s t  measurement was made on a  1-R*cm, n-type s i l i c o n  wafer 
with an a r r a y  of 1.25-mm diameter aluminum do t s  evaporated onto a  0.12-pm 
t h i c k  oxide l a y e r .  The capac i tance  us, t ime d a t a  were f i t t e d  t o  poly- 
nomials of s e v e r a l  o r d e r s ,  and t h e  b e s t  polynomial f i t  was used t o  de r ive  
t h e  l i f e t i m e  va lue .  I t  was found t h a t  t h e  l i f e t i m e  va lue  depends on t h e  
b i a s  vo l t ages  from which and t o  which t h e  device i s  switched t o  produce 
t h e  capaci tance t r a n s i e n t .  This dependence i s  s t r o n g e s t  i n  very shal low 
inve r s ion ,  (R. L .  Ma t t i s )  
The SPV equipment was modified t o  s h i e l d  t h e  specimen and t h e  
thermopile from ambient room l i g h t .  Prel iminary measurements i n d i c a t e  
t h a r  the previous ly  r epo r t ed  v a r i a b i l i t y  i n  t h e  SPV measurements has been 
g r e e t l y  reduced, 
CARRIER LIFETIME 
Analysis o f  t h e  SPV method C4, 51 was extended t o  t h e  case  of an  
e p i t a x i a l  l a y e r  on a t h i c k  s u b s t r a t e .  The gene ra l  boundary condi t ions  
16, 7 1  a t  t h e  ep i - subs t r a t e  i n t e r f a c e  s imp l i fy  t o  a Boltzmann equat ion f o r  
n-on-ni o r  p-on-pi l a y e r s ;  t h e  o the r  boundary condi t ions  a r e  unchanged, 
The ca l cu la t ed  expression f o r  t h e  SPV p l o t  y i e l d s  an approximately l i n e a r  
dependence of  i n t e n s i t y  on r e c i p r o c a l  absorp t ion  c o e f f i c i e n t ,  For epi-  
t a x i a l  l a y e r s  t h i c k e r  than  s e v e r a l  d i f f u s i o n  l eng ths ,  t h e  r e s u l t s  a r e  t h e  
same a s  f o r  t h i c k  specimens and t h e  i n t e r c e p t  g ives  a measure of t h e  
d i f f u s i o n  l eng th  i n  t h e  e p i t a x i a l  l a y e r .  For very  t h i n  e p i t a x i a l  l a y e r s ,  
l e s s  than  h a l f  t h e  d i f f u s i o n  l eng th  i n  t h e  s u b s t r a t e ,  t h e  i n t e r c e p t  is  
equal  t o  t h e  d i f f u s i o n  l eng th  i n  t h e  s u b s t r a t e .  For l a y e r  t h i ckness  in-  
te rmedia te  between these  l i m i t s ,  t h e  i n t e r c e p t  i s  inf luenced by t h e  l a y e r  
t h i ckness  a s  w e l l  a s  t h e  d i f f u s i o n  l eng ths  bo th  i n  t h e  e p i t a x i a l  l a y e r  
and i n  t h e  s u b s t r a t e .  In  p r i n c i p l e ,  i n  t h i s  in te rmedia te  reg ion  t h e  
d i f f u s i o n  l eng th  i n  t h e  e p i t a x i a l  l a y e r  could be  obtained from SPV meas- 
urements on both s i d e s  of  t h e  wafer.  However, a t  p re sen t ,  t h e  p rec i s ion  
of t h e  method is no t  adequate  f o r  such a determinat ion.  ( W ,  E, P h i l l i p s )  
Plans: Revision of  t h e  PCD procedure w i l l  cont inue ,  The d a t a  from 
t h e  sweep-out, s i g n a l  l e v e l ,  and c u r r e n t  dependence s t u d i e s  w i l l  be evalu- 
a t e d  t o  determine s p e c i f i c a t i o n s  f o r  specimen cu r ren t  and s i g n a l  l e v e l ,  
The p rec i s ion  comparison between t h e  time mark and t h e  n u l l  methods of  
determining t h e  specimen vol tage  decay t ime w i l l  cont inue,  To compare 
t h e s e  two techniques over  a range o f  l i f e t i m e ,  a group of  sami?les w i l l  be  
measured wi th  both techniques.  
Seve ra l  specimens, inc luding  bulk and e p i t a x i a l  specimens, w i l l  be  
measured by t h e  MOS capac i tance  method. Agreement o f  repea ted  measure- 
ments w i l l  be eva lua ted  f o r  one o r  two specimens. Lifet ime values derived 
from d i f f e r e n t  polynomial f i ts  t o  t h e  same capac i tance  Us. t ime da t a  w i l l  
be  compared. Li fe t ime va lues  from two devices  from d i f f e r e n t  l o c a t i o n s  
on t h e  same wafer w i l l  b e  compared. 
Addi t iona l  SPV measurements w i l l  be  made on o t h e r  epitax.ial. l a y e r s  
t o  extend t h e  experimental  v e r i f i c a t i o n  of  t h e  a n a l y s i s ,  Also, SPV meas- 
urements w i l l  b e  made on s e v e r a l  s i n g l e - c r y s t a l  specimens which have been 
previous ly  measured by t h e  PCD method i n  o rde r  t o  compare r e s u l t s  obtained 
by t h e  two methods. 
3 . 3 .  INHOMOGENEITIES 
Object ive:  To develop improved methods f o r  measuring inhomogeneities 
r e spons ib l e  f o r  reducing  performance and r e l i a b i l i t y  o f  germanium and 
s i l i c o n  devices ,  and i n  p a r t i c u l a r ,  t o  eva lua t e  a photovol ta ie  method a s  
a means f o r  measuring r a d i a l  r e s i s t i v i t y  g rad ien t s  i n  germani~am and s i l i -  
con c i r c u l a r  wafers  without  con tac t ing  t h e  f l a t  su r f aces  af t h e  wafers, 
INHOMOGENEITIES 
Progress: The analysis of the correlation between photovoltaic, 
four-probe, and two-probe profiles by the statistical techniques discussed 
previously (NBS Tech. Note 571, p. 13) was continued. Since correlation 
coefficients calculated by these techniques range from good (0.9) to 
quite poor (0 or negative), emphasis in the photovoltaic study is being 
placed on determining why the correlation of the resistivity profiles 
made by the different methods of measurement is very good for some wafers 
and very poor for others. In addition, greater care is now being taken 
to assure that both the photovoltaic and four-probe measurements are being 
made on the same wafer diameter and that the bar on which the two-probe 
measurement is made is cut accurately from that diameter. 
An investigation into various factors which may affect the precision 
and accuracy of the resistivity profiles determined by each of the three 
measurement methods has been initiated. Two factors which strongly in- 
fluence the four-probe method are the size of the resistivity gradient 
and the location (or the mis-location) of the probes on the specimen. 
Detailed study of the effect of uncertainty of probe location was begun. 
It was found that the calculated profile shape can be profoundly affected 
if the assumed probe positions are shifted by 100 pm or so. 
Factors which may affect the photovoltaic resistivity profile are 
the resistivity gradient magnitude, the electrical quality (degree of non- 
ohmicity) of the measurement contacts, and non-radial resistivity gradi- 
ents in the specimen. (D. L.  lackb burn) 
Preliminary work was begun on a plasma resonance technique that might 
be suitable for measuring resistivity inhomogeneity in low-resistivity 
wafers, The initial approach is either to modulate the specimen tempera- 
ture or to place the specimen in a modulated magnetic field and use a 
phase sensitive lock-in detector to detect the plasma resonance minima. 
(D. L. Blackburn and W. R. Thurber) 
Plans: The study of the effect of uncertainty of probe location on 
the four-probe method will be completed. Investigation of the effects 
of Large resistivity gradients, non-radial resistivity gradients, and 
measurement contact quality on the photovoltaic method will continue. 
Further work on the plasma resonance technique will be deferred un- 
til the present stage of the photovoltaic study is concluded and a report 
has been prepared. 
3.4. GOLD-DOPED SILICON 
Objective: To characterize n- and p-type silicon doped with gold 
and to develop a model for the energy level structure of gold-doped 
silicon which is suitable for use in predicting its characteristics. 
GOLD-DOPED SILICON 
Progress: Total gold concentrations, as determined by neutron acti- 
vation analysis, in 10- and 20-0,-cm, boron-doped, silicon wafers diffused 
at 850 and 1250°C are plotted in figure 1 as a function of diffusior time, 
These experiments were done to study the effects of crystal quality (dis- 
location density) and atmosphere on the gold diffusion process. T h e  ef- 
fect of a variety of atmospheres has been reported in the lLterature with 
conflicting claims as to the most suitable one. The resul-ts of the >res- 
ent study suggest that gold diffuses slightly faster in an oxygen atmos- 
phere than it does in an argon atmosphere. It was also found tha-t gold 
diffused faster in the high-dislocation wafers (20 O,ecm) rhan it did in 
the low-dislocation wafers (10 R*cm). This result is in agreemeni with 
that of other workers. 
F It is known that gold accumulates at surfaces of wafers ell. i3 
avoid contributions to the neutron activation analysis determinations 
from such gold, both wafer surfaces are routinely lapped prior to acci- 
vation analysis. Because some previously measured specimens were deter- 
mined to have gold concentrations which could not be correlated with re- 
sistivity measurements (NBS Tech. Note 571, p. 15), contamination from 
gold accumulated at the rim of the wafer was suspected. Therefore in the 
present group, the rim was cut away from each of the specimens prior to 
activation analysis. 
To test the hypothesis that gold accumulated at the rin night l ac  3ve 
influenced previous activation analysis results, the gold concentration 
was measured in both the center and rim portions of two specimens, o ~ e  
diffused at 1250°C for 4 h and the other at 850°C for 0,s h, The con- 
centrations measured in both the center and rim portions of the 1250°C 
specimen were about equal to the solid solubility of gold, In the 
case of the 850°C specimen, the rim portion had an average concentration 
4 times the solid solubility while the center portion, because of the 
short diffusion time, had a concentration about 1/50th of the solid 
solubility. Because the rim portion also contained a significant volume 
in which the gold concentration was characteristic of the center portion 
it is clear that very large amounts of gold can accumulate at the rin, 
These results suggest that for specimens diffused at temperatures below 
1250°C gold concentrations considerably in excess of the solid solubility 
at the diffusion temperature can be measured if the rims are not removed 
even though the gold concentration in the interior of the wafer may be 
equal to or less than the solid solubility. They also support the con- 
clusion that the difficulties encountered previously in correlating meas- 
ured gold concentration with electrical properties were probably due to 
the fact that the wafer rims had not been cut away prior to activation 
analysis. 
To determine the lateral uniformity of the diffused gold, several 
specimens were examined by x-ray fluorescence with the scanning eleceron 
microscope. Examination of a diffused specimen from which The surface 
GOLD-DOPED S I L I C O N ,  
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Figure 1. Gold concentration as determined by neutron activation analysis as a function 
of d l f  fusion t h e  for 10- and 20-Q-cm, boron-doped, gold-dif fused, silicon wafers . (The 
upper curres are for wafers diffused at 1250°C, the lower for wafers diffused at 850°C. 
The diffusion atmosphere was either oxygen (0 )  or argon (A). The 10-n*cm wafers had low 
dis;lacation density (500 ~ m - ~ )  an< are indicated by LDD; the 20-Q*cm wafers had high dis- 
location denai ty  (17,000 ~ m - ~ )  and are indicated by HDD. As diffused, the wafers were 1.1 
rnrn thick; before activation analysis, 0.12 mm was lapped from each side and the rim was 
removed. 1 
GOLD-DOPED SILICON 
gold had been removed by aqua r e g i a  showed c l u s t e r s  of goid,  i ro 5 L T ~  
i n  diameter  near  t h e  s u r f a c e .  A p i ece  of t h e  same m a t e r l a l  wieh 0,06 mm 
lapped from t h e  s u r f a c e  d i d  n o t  show any c l u s t e r s .  
R e s i s t i v i t y  and H a l l  e f f e c t  measurements were made a t  rocm tempera- 
t u r e  on H a l l  b a r s  c u t  from t h e  10- and 20-!J*cm, boron-doped wafers d i f -  
fused  with gold a t  1250°C. For t h e  s e t  o f  f o u r  20-!Jecm specimens d i f f u s e d  
i n  a n  oxygen atmosphere t h e  gold concent ra t ions  ranged from 3 - 0  t o  9-9 x 
1016 atoms/cm3 and t h e  r e s i s t i v i t y  decreased wi th  inc reas ing  gold eoncen- 
t r a t i o n .  Likewise f o r  two 20-!Jecm specimens d i f f u s e d  i n  argon t h e  one 
wi th  t h e  higher  gold concen t r a t ion  had t h e  lower r e s i s t i v i t y ,  Also of  
two 10-Qecm specimens d i f f u s e d  i n  argon, t h e  one wi th  t h e  higher  gold 
concent ra t ion  had t h e  lower r e s i s t i v i t y .  This r e t r o g r a d e  behavior o f  t h e  
r e s i s t i v i t y  is no t  i n  agreement wi th  t h e o r e t i c a l  p r e d i c t i o n s  (NBS Tech, 
Note 520, p. 23) b u t  is i n  agreement wi th  previous measurements made e l s e -  
where (W. M .  B u l l i s ,  unpublished) .  
Spreading r e s i s t a n c e  measurements of a pre l iminary  na tu re  were made 
on an angle-lapped specimen t o  s tudy  t h e  d i s t r i b u t i o n  of gold from t h e  
s u r f a c e  i n t o  t h e  bulk of t h e  wafer .  Since gold was evaporated on both 
s i d e s  of t h e  wafer before  d i f f u s i o n ,  a symmetrical p r o f i l e  was expected,  
b u t  no t  observed. More work on t h i s  technique i s  needed before  meaningful 
p r o f i l e s  can be obta ined .  (W. R.  Thurber, T .  F. Leedy, and W, M, B u l l i s )  
Plans:  More 10- and 20-3-cm, boron-doped s i l i c o n  wafers w i l l  be 
d i f f u s e d  wi th  gold t o  complete t h e  range of  gold concent ra t ions  f o r  t hese  
r e s i s t i v i t i e s .  Also 90-R-cm, p-type wafers w i l l  be d i f fused  a t  tempera- 
t u r e s  from 850 t o  1250°C. Addi t iona l  n- and p-type m a t e r i a l  w i l l  be se- 
l e c t e d  and s l i c e s  prepared f o r  d i f f u s i o n .  Following goid d i f f u s i o n ,  a 
p a r t  of each wafer w i l l  be s e n t  f o r  a c t i v a t i o n  a n a l y s i s  and a Ha l l  ba r  
f o r  e l e c t r i c a l  measurements w i l l  be c u t  from t h e  remainder,  Work w i l l  
cont inue on t h e  s tudy  of l a t e r a l  and depth uni formi ty  of t h e  gold d i f -  
f u s i o n s .  H a l l  e f f e c t  measurements a s  a func t ion  of temperature w i l l  ue 
made on two o r  t h r e e  of t h e  20-!J*cm, gold-d i f fused ,  boron-doped specimens 
t o  determine i f  t h e  i o n i z a t i o n  energy of t h e  gold donor l e v e l  a t  0,35 eV 
above t h e  valence band v a r i e s  wi th  gold concent ra t ion .  I f  t h e  i o n i z a t i o n  
energy decreases  a s  t h e  gold concent ra t ion  i n c r e a s e s ,  then  t h i s  may be a 
p o s s i b l e  explana t ion  f o r  t h e  r e t r o g r a d e  behavior  of t h e  r e s i s t i v i t y .  
3 .5.  SPECIFICATION OF GERMANIUM 
Object ive:  To measure t h e  p r o p e r t i e s  of germanium c r y s t a l s  and t o  
c o r r e l a t e  t h e s e  p r o p e r t i e s  wi th  t h e  performance of germanium gamma-ray 
d e t e c t o r s  i n  o rde r  t o  develop methods f o r  t h e  e a r l y  i d e n t i f i c a t i o n  of 
c r y s t a l s  s u i t a b l e  f o r  f a b r i c a t i o n  i n t o  lithium-compensated gamma-ray de- 
t e c t o r s .  
Progress:  Analysis  of  t h e  d a t a  obta ined  i n  t h e  eva lua t ion  o f  t h e  
--- 
l i t h i u m  mob i l i t y  and l i t h i u m  p r e c i p i t a t i o n  methods f o r  determining oxygen 
concen-traticn i n  germanium has  been completed, and t h e  s e n s i t i v i t y  and 
expected p rec i s ion  f o r  each method determined. Seve ra l  a d d i t i o n a l  
Li thium-drif ted germanium diodes have been examined by t h e  improved in- 
f r a r e d  response technique.  Response s p e c t r a  have been obta ined  f o r  a 
copper-doped. specimen and another  specimen wi thout  copper c u t  from t h e  
same c r y s t a l ,  The r e s u l t s  show t h a t  t h e  improved technique i s  capable 
o f  de-cecting impur i t i e s  such as copper and i d e n t i f y i n g  them by means o f  
?-l-iej,- obsertred energy l e v e l s .  
Chmac-l;e~iaation of Gemnanium - Analysis  and i n t e r p r e t a t i o n  of  d a t a  
obta ined  i n  t h e  s tudy o f  l i t h i u m  mob i l i t y  and l i t h i u m  p r e c i p i t a t i o n  a s  a  
means of measuring oxygen concent ra t ion  i n  germanium have been completed. 
I n  f i g u r e  2 oxygen concen t r a t ion  as determined from both  l i t h ium pre- 
c i p i ~ a t i o n  acd i n f r a r e d  absorp t ion  measurements is  p l o t t e d  a g a i n s t  oxygen 
concent ra t ion  determined from measurements o f  l i thium-ion d r i f t  mobi l i ty .  
The e r r o r  b a r s  shown f o r  some o f  t h e  p o i n t s  r e p r e s e n t  an  e s t ima te  of  t h e  
p r e c i s i o n  of t h e  measurements: k30 percent  f o r  l i t h i u m  mob i l i t y ,  245 
percent  f o r  l i t h i m  p r e c i p i t a t i o n ,  and 260 percent  f o r  i n f r a r e d  absorp t ion .  
The p r e c i s i o n  s ta tements  f o r  t h e  l i t h i u m  mob i l i t y  and l i t h i u m  p r e c i p i t a t i o n  
methods a r e  base6 on r e p e t i t i v e ,  s ing le - l abo ra to ry  measurements on spec i -  
mens with oxy en concent ra t ion  between 0.2 and 20 ppb atomic (1013 and i! atoms/cn ) and r e p r e s e n t  t h r e e  r e l a t i v e  s tandard  dev ia t ions .  The 
p rec i s ion  s ta tement  f o r  t h e  i n f r a r e d  absorp t ion  method is based on a 
mul t i - labora tory  round-robin t e s t  111 and a l s o  r e p r e s e n t s  t h r e e  r e l a t i v e  
s tandard  dev ia t ions ,  
The s t r a i g h t  l i n e  was obta ined  from a  l e a s t  squares  f i t  t o  t h e  s o l i d  
d a t a  p o i n t s  where t h e  t h r e e  s o l i d  p o i n t s  f o r  which e r r o r  b a r s  a r e  shown 
have been ignored i n  t h e  f i t t i n g  procedure. These t h r e e  p o i n t s  were r e -  
j ec t ed  a s  o ~ ~ l i e r s  wi th  a 1 percent  r i s k  tha$ they  r e a l l y  belonged t o  t h e  
group C21, The s lope  of  t h e  l i n e  shows t h a t  de te rmina t ion  o f  oxygen con- 
c e n t r a t i o n  by measurements of  l i t h i u m  p r e c i p i t a t i o n  and l i t h i u m  mob i l i t y  
d i f f e r  by l e s s  t han  10 percent .  Since t h e  i n f r a r e d  absorp t ion  technique 
r e l a t e s  t o  oxygen i n  germanium through t h e  unique 11.7-pm absorp t ion  band, 
t h e  measurements of  oxygen concent ra t ion  by i n f r a r e d  abso rp t ion  were used 
t o  v e r i f y  "cat  t h e  l i t h i u m  mob i l i t y  and p r e c i p i t a t i o n  methods were a l s o  
meash rhg  oxygen concent ra t ion .  That t h i s  is  s o  can be seen by t h e  co- 
i nc iden t  relationship between t h e  s o l i d  and open d a t a  po in t s .  
( A .  H .  Sher ,  W.  K. C r o l l ,  and W .  R. ~ h u r b e r )  
GejLij Be-hector Measurements - In f r a red  response (IRR) s p e c t r a  [31 
o f  t h r e e  Ge(Li) d e t e c t o r s  a t  about 100 K have been s t u d i e d  i n  d e t a i l .  
Spec t ra  of  t hese  diodes obta ined  wi th  a  3-mm t h i c k  germanium f i l t e r  a r e  
shown i n  f i g w e  3. Ge(Li) 13Cu was f a b r i c a t e d  from a po r t ion  o f  c r y s t a l  
NBS-13 which had been d i f f u s e d  wi th  copper a t  750°C f o r  1 2  days, ~ e ( ~ i . 1  
13 was f a b ~ i c a - t e d  from a  p o r t i o n  o f  c r y s t a l  NBS-13 whiah had been 
SPECIFICATION OF GERMANIUM 
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Figure 2. Oxygen concentration, No, obtained from lithium precipitation I(@) and in- 
frared absorption measurements (0) plotted against No obtained from B i t h i m  mobility 
measurements. (The error bars represent three standard deviations (see text).) 
sub jec t ed  only t o  t h e  normal d e t e c t o r  f a b r i c a t i o n  procedure, and GeCLi) 
83-3 was f a b r i c a t e d  from c r y s t a l  NBS-83. The IRR spectrum taken with a  
1-mm t h i c k  germanium window on another  d e t e c t o r  f a b r i c a t e d  from c r y s t a l  
NBS-83 w a s  i n d i c a t i v e  o f  many d i s c r e t e  l e v e l s  i n  t h e  forbidden energy gap 
(NBS Tech. Note 571, pp. 16-18). 
According t o  previous s t u d i e s  [3], t h e  i n t e r p r e t a t i o n  of the promi- 
nent  f e a t u r e s  d isp layed  by t h e  s p e c t r a  would i n d i c a t e  t h a t  both Ge(Li) 
83-3 and Ge(Li) 1 3  con ta in  l l l i thium-defect ' l  e l e c t r o n  t r a p s  a s  i nd ica t ed  
by t h e  s h e l f - l i k e  response a t  0.50 eV. Another ~ e ( ~ i )  d e t e c t o r  f a b r i c a t e d  
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from c r y s t a l  NBS-83 showed s l i g h t  e l e c t r o n  t r a p p i n g  i n  previous s t u d i e s  
made wi th  a  co l l imated  gamma-ray beam (NBS Tech. Note 495, pp, 18-19), 
G e ( ~ i )  1 3  i s  expected t o  show much more severe  e l e c t r o n  t rapping  due t o  
t h e  increased  magnitude of i t s  IRR response,  bu t  t h i s  has no t  a s  y e t  been 
confirmed experimental ly .  
The IRR spectrum of  Ge(Li) 13Cu shown i n  f i g u r e  3  does n o t  e x h i b i t  
any f e a t u r e s  which were previous ly  a t t r i b u t e d  t o  t h e  presence of copper 
i n  a c r y s t a l  131. On t h e  b a s i s  of  t h i s  IRR spectrum one would p r e d i c t  
t h a t  t h e  d e t e c t o r  should e x h i b i t  severe  c a r r i e r  t r app ing  c h a r a c t e r i s t i c s ,  
b u t  t h e  type  o f  t r a p  cannot  be s p e c i f i e d .  Measurements of  r e s i s t i v i t y  of  
t h e  copper-diffused p o r t i o n  o f  c r y s t a l  NBS-13 showed t h a t  approximately 
10 cm-3 e l e c t r i c a l l y  a c t i v e  impur i t i e s  had been introduced i n t o  t h e  
c r y s t a l .  
The r e s u l t s  become l e s s  ambiguous when a  1-mm t h i c k  germanium f i l t e r  
i s  used. Figure 4 shows IRR s p e c t r a  f o r  i n c i d e n t  i n f r a r e d  r a d i a t i o n  of  
energy between 0.30 and 0.70 eV obtained f o r  t h e  t h r e e  c y r s t a l s  under 
s tudy.  These curves a r e  p l o t t e d  on a semi-log s c a l e  t o  i n d i c a t e  t h e  r e l -  
a t i v e  s i g n a l  magnitudes obtained dur ing  a spectrum scan,  and t o  a i d  com- 
pa r i son  o f  d a t a  between specimens. The curves have been p l o t t e d  so  t h a t  
t h e  l e v e l s  of  t h e  minimum d e t e c t a b l e  s i g n a l  co inc ide .  The semi-log d i s -  
p l ay  of  t h e  s p e c t r a ,  it should be noted, causes some of t h e  f e a t u r e s  t o  
be seen i n  l e s s  d e t a i l  than  on t h e  l i n e a r  s c a l e  a s  normally obta ined  from 
t h e  experiment. The o v e r a l l  s i g n a l  l e v e l  o f  Ge(Li) l3Cu i s  an o rde r  of  
magnitude g r e a t e r  than  t h a t  o f  ~ e ( L i )  13.  The spectrum of  Ge(Li) 13Cu 
e x h i b i t s  two f e a t u r e s  n o t  seen i n  t h e  o t h e r  curves,  a  peak a t  0-38 and a  
knee a t  0.49 eV. These correspond t o  t h e  copper l e v e l s  a t  E, + 0 - 3 3  eV 
and E - 0.22 eV, r e spec t ive ly .  Analysis  of  t h e  gamma-ray c h a r a c t e r i s t i c s  
o f  ~ e P ~ i . 1  13Cu determined us ing  a co l l imated  gamma-ray ind ica t ed  severe  
ho le  t r app ing  as is  p red ic t ed  f o r  copper-doped germanium C31, 
IRR s t u d i e s  prev ious ly  performed us ing  a  3-mm t h i c k  germanium f i l t e r  
C3l gave no i n d i c a t i o n  o f  t h e  presence o f  a  number of  t h e  d i s c r e t e  energy 
l e v e l s  observed wi th  a  1-mm t h i c k  f i l t e r  i n  'the p re sen t  work. This can 
probably be  accounted f o r  by d i f f e r e n c e s  i n  t h e  s p e c t r a l  t ransmiss ion  of 
t h e  1- and 3-mm t h i c k  germanium f i l t e r s ;  t h e r e  is  a much decreased ab- 
s o r p t i o n  of  r a d i a t i o n  o f  energy between 0.65 and 0.70 eV when t h e  I-m 
t h i c k  f i l t e r  i s  used. S c a t t e r i n g  o f  t h i s  high energy r a d i a t i o n  i n  the  
monochromator may make it p o s s i b l e  f o r  o p t i c a l  pumping of t h e  l e v e l s  t o  
occur  when us ing  a  1-mm t h i c k  f i l t e r  C51, and s o  many of  t h e  d i s c r e t e  
l e v e l s  unobserved us ing  t h e  3-mrn t h i c k  f i l t e r  can be  exc i t ed ,  The peaks 
a t  0.36 eV and o t h e r s  observed a t  0.24 and 0.18 eV ( n o t  shown) appear t o  
r e s u l t  from band-edge r a d i a t i o n  which occurs  because of h igher  o r d e r  d i f -  
f r a c t i o n .  Although r a d i a t i o n  of  t h i s  energy is f i l t e r e d  o u t ,  it i s  n o t  
completely el iminated.  S ince  t h e  d e t e c t o r s  a r e  much more s e n s i t i v e  t o  it 
than  t o  lower energy r a d i a t i o n ,  a  s i g n a l  can be seen,  
(A.  H. Sher,  W ,  J. Keery, and H e  E, DysonS 
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Figure 4 ,  BPA spectra i n  the incident photon energy range of 0.30 to  0.70 eV ob- 
tained a2iojFn.g a I-nnm thick germanium f i l t e r .  (The spectra a re  plotted so tha t  the 
bevels of na iaphann  detectable s ignal  coincide. To the r igh t  of the ve r t i ca l  dashed 
line a 640 line/= grating was used; t o  the l e f t ,  a 240 linefmm grating. I n  a l l  
eases spechen temperature was about 100 K.) 
Plans: Study and correlation of measurements of lithium driftability, 
rnfrared response, and distribution of etch pits, three of the most prom- 
ising methods for characterizing germanium for Ge(Li) detectors, will 
continue with the aim of developing one or more of these methods into a 
meaningful test for the rapid and proper specification of detector-grade 
germanium, Additional specially doped crystals will be examined along 
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with heat-treated and radiation-damaged crystals in order to aid the in- 
terpretation of the results of the improved IRR measurements, Measure- 
ment and interpretation of Ge(Li) detector characteristics with standard 
experimental methods and theoretical models will be continued, 
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4. METHODS OF MEASUREMENT FOR SEMICONDUCTOR PROCESS CONTROL 
4.1. METALLIZATION EVALUATION 
Objec t ive :  To improve methods f o r  measuring t h e  p r o p e r t i e s  of t h i n  
meta l  f i l m s  wi th  i n i t i a l  emphasis on t h e  adhesion of aluminum m e t a l l i -  
z a t i o n  depos i ted  on var ious  s u b s t r a t e s .  
Progress:  An exhaus t ive  s e r i e s  of s c r a t c h  t e s t s  was made on a  
1.03-pm t h i c k  aluminum f i l m  depos i ted  on a  qua r t z  s u b s t r a t e ,  This was 
one of a  ba tch  of s u b s t r a t e s  which was prepared by vacuum evaporat ion 
immediately a f t e r  c leaning  and degreasing.  Previous ly ,  s u b s t r a t e s  had 
been prepared s i m i l a r l y  except  t h a t  they  were hea t  t r e a t e d  i n  a i r  a t  
about 850°C j u s t  p r i o r  t o  vacuum evaporat ion.  Three diamond s t y l i  with 
nominal t i p  r a d i i  of 18 pm, 45 pm, and 120 pm were used t o  s c r a t c h  "ce 
f i lms  . 
With t h e  45-pm s t y l u s ,  t h e  load  was v a r i e d  from 40 t o  300 g. Thresh- 
o l d  adhesion f a i l u r e s  of t h e  type  descr ibed  e a r l i e r  (NBS Tech, Note 527 ,  
p .  23) were not  observed he re .  Although t h e  i n i t i a l  measurements were 
made when t h e  f i l m  was b u t  two days o l d ,  t h e  f i l m  behaved a s  Though it 
were a  f u l l y  aged, h ighly  adherent  f i l m .  Under t h e  s t y l u s  t h e  f i l m  was 
p rog res s ive ly  thinned wi th  inc reas ing  s t y l u s  l oad ,  a s  evidenced by the 
t rans lucency  of t h e  s c r a t c h .  Although t rans lucency  was d e t e c t a b l e  under 
microscopic observa t ion  a t  a magni f ica t ion  of 200 X a f t e r  s c ra t ch ing  wi th  
an 80-g load ,  t h e r e  was no o p t i c a l  evidence of t h e  t ransparency i n d i c a t i v e  
of complete f i l m  removal, even a t  loads  a s  high a s  300 g ,  Simi lar  ob- 
s e r v a t i o n s ,  considered t o  be c h a r a c t e r i s t i c  of h igh ly  adherent  a l u m i r ~ ~ m  
f i l m s ,  have been r epor t ed  by Co l l in s  C l ] .  
Sc ra tches  with t h e  120-pm s t y l u s  were made wi th  t h e  loads  ranging 
'from 100 t o  1100 g .  A s  t h e  loads  inc reased ,  t h e r e  was a  corresponding 
inc rease  i n  t r a c k  wid th ,  b u t  t h inn ing  of t h e  f i l m  was i n s u f f i c i e n t  t o  
al low d e t e c t a b l e  t rans lucency .  Only a  few c l e a r  t h re sho ld  adhesion f a i l -  
u re s  were observed a t  loadings  of 1000 and 1100 g.  Crescents  QNBS Tech. 
Note 571, p .  22) were observed i n  abundance. Frequent ly t h i n ,  t r a n s l u c e n t  
s p o t s  o r  breaks were c l o s e l y  a s soc i a t ed  wi th  t h e s e  c r e s c e n t s ,  bu t  the 
breaks were not  of t h re sho ld  f a i l u r e  type .  
The c r e s c e n t s  observed he re  were f i rs t  observed i n  a 03--vm t h i c k  
aluminum f i l m  i n  s c r a t c h e s  a l s o  produced by a 120-pm s t y l u s ,  It was 
suspected t h a t  t h e s e  might be  due t o  f r a c t u r e  o f  t h e  q u a r t z  sstibstrate, 
Experiments were c a r r i e d  o u t  t o  e s t ima te  t h e  lowes t  l oad  r equ i r ed  on a 
s t y l u s  s o  t h a t  it would l eave  an  i d e n t i f i a b l e  permanent deformation on a 
q u a r t z  s u b s t r a t e ,  wi thout  an  in t e rpos ing  aluminum f i l m .  For a  120-urn 
s t y l u s  on fused  qua r t z ,  it w a s  found t h a t  c r e scen t  shaped f r a c t u r e s  were 
produced along t h e  s c r a t c h  pa th  wi th  a  140-g load.  With inc reas ing  s t y l u s  
l oads ,  many groups o f  c r e s c e n t  f r a c t u r e s  were generated,  f r equen t ly  
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inc luding  complete c i r c u l a r  f r a c t u r e s .  This  tends  t o  confirm t h e  b e l i e f  
t h a t  a c r e scen t  observed i n  a  s c r a t c h  on an aluminum f i l m  is  a s soc i a t ed  
wi th  a creseen-t f r a c t u r e  i n  t h e  s u b s t r a t e  d i r e c t l y  beneath it. It  would 
seem g o s s i b l e  then ,  t h a t  crescent-shaped t h i n  s p o t s  o r  breaks observed i n  
a l m i c u n  f i lms  a t  h igher  l oads  may be brought about by t h e  th inn ing  down 
and deformation of  t h e  f i l m  over  t h e  c r e scen t  f r a c t u r e  i n  t h e  s u b s t r a t e .  
Since t h e  s c r a t c h  t e s t  f a i l s  when t h e  s u b s t r a t e  s u f f e r s  d e s t r u c t i o n ,  it 
fol lvvxs t h a t  breaks o r  f a i l u r e s  i n  t h e  f i l m  connected wi th  c r e scen t s  a r e  
no t  t h re sho ld  adhesion f a i l u r e s  and a r e  t h e r e f o r e  s e t  a s ide .  It is  in-  
t e r e s t i n g  t o  no te  t h a t  Hamilton and Rawson C21 have very r e c e n t l y  r epo r t ed  
s i n i i l c l r  f r a c t u r e  r e s u l t s  f o r  a s t e e l  b a l l  s l i d i n g  on a  g l a s s  p l a t e .  
Loads i n  t h e  range 30 t o  120 g  were used f o r  s c r a t c h i n g  wi th  t h e  
18-vm s t y l u s ,  Progress ive  th inn ing  wi th  inc reas ing  load  took p l ace ,  and 
t rans lucency  was d e t e c t a b l e  a t  a s t y l u s  loading  o f  approximately 40 g. 
I t  i s  t o  be emphasized t h a t  (1 )  any one s c r a t c h  i s  n o t  uniformly t r ans -  
l u c e n t ,  ( 2 )  t h e  number o f  t r a n s l u c e n t  s t r e a k s  u s u a l l y  v a r i e s  from t r a c k  
t o  t r a c k  and o f t e n  wi th in  a  s i n g l e  t r a c k ,  ( 3 )  t h e  l i g h t  t ransmiss ion  of  
any one t r a n s l u c e n t  s t r e a k  may change d iscont inuous ly  a long  i t s  l eng th ,  
and the s c r a t c h  i s  n o t  t r a n s p a r e n t .  
Kowever, w i th in  t h e  s c r a t c h e s  made wi th  t h e  18-vm s t y l u s  many s p o t s  
appeared -LO be s i g n i f i c a n t l y  b r i g h t e r  than  t h e  surrounding t r a n s l u c e n t  
reg ion ,  and t o  have a  d i s t i n c t  wh i t e - l i gh t  d i f f r a c t i o n  p a t t e r n  a s s o c i a t e d  
wi th  chern, These s p o t s  s t r o n g l y  resembled previous ly  observed th re sho ld  
adhesion f a i l u r e s ,  a l though they  were decidedly smal le r .  Since t h e  d i f -  
f r a c t i o n  p a t t e r n  was p re sen t ,  it is  be l i eved  t h a t  t h e s e  t i n y  b r i g h t e r  
s p o t s  a r e  t r anspa ren t  ho le s  i n  t h e  f i l m  and r e p r e s e n t  f a i l u r e  po in t s .  
That t h e  occurrence o r  non-occurrence o f  t h e s e  s p o t s  w a s  q u i t e  d i s t i n c t  
wi th  r a t h e r  smal l  d i f f e r e n t i a l  s t y l u s  loadings  is  taken a s  f u r t h e r  evi-  
dence o f  t h i s  conclusion.  
On t h e  b a s i s  t h a t  t h e  t i n y  b r i g h t  s p o t s  w i th in  a s soc i a t ed  d i f f r a c t i o n  
p a t t e r n s  a r e  t h re sho ld  adhesion f a i l u r e s ,  a  number of  measurements were 
made t o  determine s e n s i t i v i t y  and r e p r o d u c i b i l i t y .  The usua l  up-and-down 
method was app l i ed ,  From t h e  r e s u l t s ,  shown i n  t a b l e  2, it can be  seen  
t h a t  r h e  t e s t  can d i s t i n g u i s h  between f a i l u r e  and non-fa i lure  f o r  a d i f -  
f e r e n t i a l  loec! o f  2-0  g. Thus f o r  t h i s  p a r t i c u l a r  1-prn t h i c k  f i l m  a  
s e n s i t i v i t y  of approximately 4  percent  is  ind ica t ed .  Although t h i s  sen- 
s i t i v i t y  is cons iderably  lower than  va lues  r epo r t ed  previous ly  f o r  0.5-ym 
f i l m s ,  it by no means r e p r e s e n t s  t h e  u l t i m a t e  va lue  expected f o r  1 - v m  
t h i c k  f i l m s ,  
Zuns 1 t h o u g h  3 were i n t e r d i g i t a t e d .  If t h e  d i f f e r e n c e s  i n  load  
i n c r e ~ l e n t  a r e  ignored and t h e  d a t a  a r e  t r e a t e d  toge the r ,  t h e  grand mean 
f a i l w e  load  i s  57.6 t 1 .8  g. If t h e  d a t a  a r e  assumed t o  be normally 
d i s t r i b u t e d  i-t can be a s s e r t e d  wi th  95 percent  confidence t h a t  t h e  r e l a -  
t i v e  s tandard  dev ia t ion  f o r  t h e  e n t i r e  popula t ion  i s  l e s s  t han  14  percent .  
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Table 2 - Results of Scratch Tests  on a 1.0-pm T h i c k  
Aluminum Film with an 18-llm Diamond Stylus 
Although aging e f f e c t s  had been observed i n  e a r l i e r  measuyements, 
measurements on specimen B6-S1 ( 1  pm t h i c k )  revealed no evidence of any 
increase  i n  adhesion due t o  aging. I t  is  poss ib le  t h a t  omission of the  
heat  t reatment may be responsib le  f o r  t h e  l ack  of  aging e f f e c t s  and f o r  
t h e  high adherence of  t h i s  f i l m .  I t  i s  a l s o  poss ib le  t h a t  t h e  lack of 
observed aging e f f e c t s  may be c h a r a c t e r i s t i c  of  f i l m s  of t h i s  thickness;  
previously reported [ 31  aging e f f e c t s  were observed on much th inner  f i l m s ,  
A p a r a l l e l  e f f o r t  was undertaken t o  determine t h e  f e a s i b i l i t y  of  de- 
t e c t i n g  threshold  adhesion f a i l u r e  i n  t h e  aluminum-silicon d ioxide-s i l icon 
system. One approach i s  t o  use an i n f r a r e d  sensor such a s  PbS, Bu i l t  
i n t o  a s u i t a b l e  microscope system, t h e  PbS de tec to r  probably holds t h e  
b e s t  promise f o r  an automated apparatus. A second approach which was in- 
ves t iga ted  i n  more d e t a i l  involves t h e  use of  an in f ra red  imaging tube 
combined with a microscope. 
A l l  commercial i n f r a r e d  imaging tubes use t h e  same sensing element 
known a s  an S-lphotocathode. Although i ts s e n s i t i v i t y  f a l l s  off very 
r a p i d l y  i n  t h e  s i l i c o n  transmission band (1.2 t o  1.5 pm) it appears t h a t  
s u f f i c i e n t  s i g n a l  is  ava i l ab le  i n  t h a t  range t o  permit v iable  instrumen- 
t a t i o n .  An important advantage of  t h e  imaging tube approach i s  t h a t  t h e  
de tec to r  is very s e n s i t i v e  i n  t h e  v i s i b l e ,  thereby allowing an inves t i -  
ga to r  t o  inspect  t h e  specimen from above and make necessary mechanical 
adjustments . 
The c a p a b i l i t i e s  of an in f ra red  imaging tube were explored using a 
0.5-pm t h i c k  aluminum f i l m  on quar tz  with known f a i l u r e  points  and a g lass  
f i l t e r  which f i l t e r e d  out  a l l  t h e  v i s i b l e  r ad ia t ion .  An ava i l ab le  
imaging tube was mounted on t h e  microscope o r d i n a r i l y  used f o r  scratch 
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test observations (objective magnification: 11 x ) .  Under these experi- 
mental circumstances, only the larger failure points were observable. 
Very small failure points, several micrometers or less in diameter, were 
not resolvable , 
A similar film specimen and a silicon wafer for use as an infrared 
filter were submitted to a vendor of an infrared imaging microscope 
to determine the capabilities of his instrument. He reported no diffi- 
culty in seeing even the smallest holes in the aluminum film. 
(J. Oroshnik and W. K. Croll) 
Plans: Future work on this task will be redirected toward other 
techniques more directly applicable to the determination of adhesion of 
bonding pads and the effect of bonding-pad adhesion characteristics on 
bond strength 
4.2. DIE ATTACHMENT EVALUATION 
Objective: To evaluate methods for detecting poor die attachment 
in serniconduc:-tor devices with initial emphasis on the determination of 
the applicability of thermal measurements to this problem. 
2rogress: Measurements of thermal resistance and transient thermal 
response were made on 20 diode chips bonded to TO-5 headers. In all the 
devices a silicon-gold eutectic die bond was employed. Heat for the 
measurements was generated by pulses of power ranging from 100 ps to 5 s 
in duration, The duty cycle was such that the junction temperature cooled 
to an equilibrium value, the case temperature, during the period that 
heating power was not applied. A typical transient thermal response curve 
for tnese devices is shown in figure 5. The curve depicts the diode- 
junction-to-case temperature difference, ATJC7 normalized to its steady- 
state value as a function of the heating-power pulse width. The junction 
temperature was determined during the heating-power off period from the 
forward voltage, VF, of the diode at 1 mA. The calibration of VF with 
respect to temperature was obtained by externally heating the case and 
measuring the forward voltage at 1 mA. This current is not sufficient to 
alter the junction temperature significantly. 
A mesa diode on a 0.95-mm square chip mounted on a TO-5 header 
typically exliibited 60°C/W thermal resistance. The theoretical thermal 
time constant for a device with junction-to-bonding-surface thickness of 
0-25 nm (0-01 in,) is approximately 500 us El], Since it is necessary 
for the chip to reach thermal equilibrium to maximize the amount of heat 
reaching the chip bonding surface, a heating pulse of 5 to 10 thermal 
time constants is expected to result in maximum sensitivity of the thermal 
response measurement to voids in the die attachment (NBS Tech. Note 555, 
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WIDTH OF APPLIED POWER PULSE 
Figure 5. Transient thermal response curve for a typical mesa diode on a 0,3Ci-rn square  
chip mounted on a TO-5 header. (Diode junction-to-case temperature difference. n o m l i z e d  
to its steady-state value is plotted as a function of the heating power pulse width ,  The 
case temperature was held at 25OC. For this diode the steady-state value casrespoada t o  
a thermal resistance of 60°C/W.) 
pp. 25-27). I n i t i a l  measurements of t h e  t r a n s i e n t  thermal  response in-  
d i c a t e  t h a t  a  5-ms, 800-mA hea t ing  power pu l se  produces an inc rease  i n  
t h e  junc t ion  temperature of 1 0  t o  12OC which i s  s u f f i c i e n t  for reproduci-  
b l e  measurements of ATJC. Increased  s e n s i t i v i t y  i s  a t t a i n a b l e  by in-  
c reas ing  t h e  hea t ing  c u r r e n t .  However, under such condi t ions  t h e  accur- 
acy of t h e  measurement i s  reduced because of an increased  delay i n  t h e  
measurement of t h e  forward vol tage  drop which i s  necessary s i n c e  t h e  
h igher  hea t ing  c u r r e n t  being switched inc reases  t h e  masking e f f e c t  of 
e l e c t r i c a l  t r a n s i e n t s  on t h e  thermal  t r a n s i e n t s .  
Prel iminary measurements of both thermal  r e s i s t a n c e  and t r a n s i e n t  
thermal  response were made on f i v e  devices  t o  check t h e  r e p r o d u c i b i l i t y  
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of the die attachment evaluation equipment. The results of two runs of 
measurements taken 10 and 50 us after the termination of the 5-ms heating 
power pulse indicate that the measurements of ATJC for both transient and 
steady state operating conditions can be reproduced to within 1°C for any 
particular device, The variation in ATJC between the five devices for a 
particular run was a maximum of 2OC. As expected, the longer the delay 
time before measuring VF, the smaller is the ATJC for a given heating 
currenr due to conduction cooling of the diode junction. 
( F .  F. Oettinger and R. L. Gladhill) 
Plans: Long-term, single-operator measurements will be undertaken 
to check the reproducibility of the die attachment evaluation equipment. 
Measurements of thermal response will be undertaken to determine the 
sensitivity of the junction-to-case temperature change as a function of 
the rnagnit~de of the diode heating current for a heating power pulse 
width of 5 rns and for direct current. 
The fabrication of diodes with various diameter controlled voids will 
continue and measurements of thermal resistance and transient thermal re- 
sponse will be undertaken on these diodes. 
4.3. WIRE BOND EVALUATION 
Objective: To survey and evaluate methods for characterizing wire 
bond systems in semiconductor devices and where necessary to improve 
existing methods or develop new methods in order to detect more reliably 
those bonds which eventually will fail. 
Progress: Study of the effect of pull rate on the pull test re- 
vealed thatyhen the failure occurred at the heel of the first bond pull- 
ing at a rate of 77 gf/s (764 mN/s), equivalent to the "jerk" test used 
by some device manufacturers, gives results statistically equivalent to 
pulling at a rate of 1 gf/s (9.8 rnN/s). The importance of specifying all 
details of the test including the wire bond failure mode has become appar- 
ent, Tests carried out to simulate the high temperature environment en- 
countered by bonds during glass sealing operations for ceramic packages 
sho~ed that the reduction in pull strength can be accounted for princi- 
pally by the reduction in wire tensile strength caused by the high tem- 
perature anneal, 
Irnprovenents in the laser mount for interferometry measurements were 
made to increase the ease of optical alignment and use of the interferom- 
eter on bonding machines. The length of the laser was increased in order 
to limit all emission to the TEMOO mode. 
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New experiments d i r e c t e d  toward development of measurement methods 
app l i cab le  t o  in-process  bond q u a l i t y  de te rmina t ion  were s t a r t e d .  The 
i n i t i a l  e f f o r t  cons i s t ed  of e l e c t r o n i c a l l y  mixing t h e  60-kHz output  from 
a  capac i to r  microphone d i r e c t e d  a t  t h e  bonding t o o l  with a  l o c a l  o s c i l -  
l a t o r .  Prel iminary r e s u l t s  showed t h a t  t h e  bonding process  can be heard 
through an audio speaker  and recorded on magnetic t ape .  Wai?monics of the 
60-kHz t o o l  motion can be i n d i v i d u a l l y  t r e a t e d  i n  t h e  same manner. 
The wire  i nden ta t ion  t e s t e r  i s  near ing  completion. 
PuZZ Test EvaZuation - It  was previous ly  r epo r t ed  (NBS Tech. Note 
560, p .  31) t h a t  t h e  r a t e  of p u l l  had no s i g n i f i c a n t  e f f e c t  on t h e  meas- 
ured va lues  of p u l l  s t r e n g t h  f o r  p u l l  r a t e s  of from 1 .0  t o  12,s g f / s  
( 9 . 8  t o  122 mN/s) f o r  s i n g l e - l e v e l  bonds, where t h e  mode of f a i l u r e  i s  a  
break a t  t h e  h e e l  of t h e  f i r s t  bond. Two extens ions  of t h i s  work were 
considered:  ( 1 )  f a s t e r  r a t e s  of  p u l l  t o  s imu la t e  a  " j e rk  t e s t "  which i s  
used by some device manufacturers,  and ( 2 )  t h e  e f f e c t  of p u l l  r a t e  on 
measured bond s t r e n g t h  f o r  t h e  case where t h e  f a i l u r e  mode i s  pee l ing  o r  
l i f t  o f f  of t h e  bond. 
Groups of  60 bonds each were pu l l ed  a t  r a t e s  of 1 . 0  and 75 g f / s  
( 9 . 8  and 764 mN/s) r e s u l t i n g  i n  t imes of approximately 9 and 0 -12  s t o  
p u l l  a  bond, r e s p e c t i v e l y ,  The bonding schedule was such t h a t  f a i l u r e  
occurred a t  t h e  h e e l  of t h e  f i r s t  bond i n  a l l  c a ses .  There was no s t a t -  
i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  measured p u l l  s t r e n g t h s  f o r  e i t h e r  
p u l l  r a t e .  
For bonds t h a t  f a i l  by pee l ing ,  it i s  assumed t h a t  t h e  r a t e  of p u l l  
would have a  l a r g e  e f f e c t  on t h e  measured p u l l  s t r e n g t h  s i n c e  p e e l  f a i l -  
u re  i s  known t o  be  r a t e  s e n s i t i v e .  However, it is  very d i f f i c u l t  t o  show 
t h i s  s t a t i s t i c a l l y ,  us ing  t h e  measured p u l l  s t r e n g t h s .  Up t o  t h e  p r e s e n t ,  
a  procedure t o  make bonds reproducib ly  t h a t  w i l l  f a i l  by pee l ing  has not  
been found. Attempts t hus  f a r  have r e s u l t e d  i n  bond s t r e n g t h s  t h a t  have 
g r e a t e r  v a r i a t i o n s  from bond t o  bond, a t  a  given p u l l  r a t e ,  than  between 
groups pu l l ed  a t  d i f f e r e n t  r a t e s .  Therefore,  a  p u l l - r a t e  experl imentas  
j u s t  descr ibed  cannot now be performed f o r  bonds t h a t  f a i l  by p e e l ,  
Nevertheless  it seems c l e a r  t h a t  t h e  na tu re  of t h e  f a i l u r e  mode may a f f e c t  
comparisons of p u l l  s t r e n g t h  and r a t e s  of p u l l .  
I t  should be noted t h a t  a l l  p u l l  r a t e  t e s t s  prev ious ly  descr ibed  were 
performed on s i n g l e - l e v e l  bonds, These r e s u l t s  have not  y e t  been v e r i f i e d  
f o r  t h e  case  of two-level bond p a i r s  such a s  a r e  u sua l ly  made on packaged 
devices .  There may be some d i f f e r e n c e s  because t h e  r e s o l u t i o n  of f o r c e s  
f o r  t h i s  con f igu ra t ion  tends t o  f avo r  t h e  l i f t - o f f  f a i l u r e  mode f o r  one 
of t h e  bonds. (K. 0 .  Leedy and C, A ,  Hain) 
Bond p u l l  t e s t s  a r e  o f t e n  made on devices  which a r e  hea t  t r e a t e d  
dur ing  t h e  package s e a l i n g  opera t ion .  For t h e  case  o f  glass-seabed, 
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ce-aiili c paclcages, bonds a r e  sub jec t ed  t o  about 500°C f o r  r e l a t i v e l y  long 
p c r ~ s d s  JE time, In  o rde r  t o  eva lua t e  t h e  e f f e c t  of t h i s  process  on t h e  
b o l ~  srrengrh an experiment was designed t o  t e s t  both t h e  bond and t h e  
j,i:-i b e f c r ~  and a f t e r  exposure t o  high temperatures ,  
7wo bundred s i n g l e - l e v e l  bond p a i r s  were made i n  sequence by one 
op2ratox3 using i d e n t i c a l  machine s e t t i n g s .  Every o t h e r  bond p a i r  was 
~ u l l e i i  t o  d e s t r u c t i o n  and t h e  average p u l l  s t r e n g t h  determined. The sub- 
strate wish  the remaining bonds was placed i n  a  n i t rogen  atmosphere a t  
505'C For 20 min, These annealed bond p a i r s  were then  pu l l ed  t o  des t ruc-  
t i o n *  Before hea t ing ,  t h e  average p u l l  s t r e n g t h  was 9 .3  + 0.66 gfft 
(91 mN); 87 percent  of  t h e  bonds broke a t  t h e  h e e l  of t h e  f i r s t  
L. , x r d ,  arid none broke i n  t h e  span of  t h e  wire.  Af t e r  hea t ing ,  t h e  average 
F U ~ _  ~'rength was only 4.5 + 0.38 gfg: 144 2 3.9 mN), and 80 percent  of 
t h e  :;nizci.: broke i n  t h e  span of t h e  wire  whi le  only 16  percent  broke a t  
tk2 h e e l  of "re f i r s t  bond. 
I -  see bow 7uch in f luence  anneal ing t h e  wire  has on t h e  bond p u l l  
s tri>lii41:" h, ;;rn*?csnded wire  samples were given hea t  t rea tment  i d e n t i c a l  t o  
rhs o r  t h e  bond p a i r s  descr ibed  above. The ends of t h e  wire  samples 
\ v ~ , - i  ~ 7 c ' ~ ~ n t e d  in epoxy cement and t h e  wire  was pu l l ed  t o  d e s t r u c t i o n  us ing  
1 ' - i I 1 -TO-- Lt g l u e  p u l l e r  (NBS Tech. Mote 488, pp, 22-23 ) ,  The unheated 
v t r - .  'lac? a n  everage breaking s t r e n g t h  of 12.0 + 0.33 gf5 (117 2 3.2 mN). 
-.~.l;i-n-,.eci sanples  had a  breaking s t r e n g t h  of on ly  3 , 5  t 0 - 3 5  gff: 
t - + ,% I -,y) a (K. 0 .  Leedy and C ,  A .  Mai-r) 
y tqac ,,,;lutson-of-forces c a l c u l a t i o n  (NBS Tech. Note 555, p ,  33) of 
.+ , L, c rc~w~s!~-.e forel; ,  T ,  app l i ed  t o  t h e  annealed wire  bond p a i r  dur ing  
r u b  l ~ i g  Mas made us ing  t h e  measured loop h e i g h t ,  0,017 t o  0.018 i n .  
~0~1.3 ' o  0,4E nm], and bond l e n g t h ,  about 0-04 i n .  ( 1 - 0  mm1b.i- The c a l -  
t - ~ 1 , 2 - t + 3  ter is l le  f o r c e ,  Twt,  i n  t h e  wire  of a  bond p a i r  having a p u l l  
r r r t - ~ o r h ,  c-t 4,5 gf (44  mM) was 3.4 gf ( 3 3  mN), almost i d e n t i c a l  t o  t h e  
:el%-- ir=t;Ti ~ e i a s - t ~ e d  wire  breaking s t r e n g t h ,  This sugges ts  t h a t  i f  a  wire  
i i.~;r? 1- ap cjr eai-.. i n  t h e  wire  span,  t h e  breaking s t r e n g t h  can be used t o  
4." '1111, range given is one sample s tandard  dev ia t ion ,  
I- o-,- ?ccuracq jn t h e  c a l c u l a t i o n  f o r  t h e  case  of annealed wi re ,  it i s  
~ > s n n r 4 a 3  that t h e  Loop he igh t  be measured a f t e r  t h e  wire  is s t r e t c h e d  
11. pull. t e s t  appara tus  because wire  annealed a t  high temperatures  
t;-c?..irgoe~ very I.arge e longat ion  t h a t  may add a s  much a s  0,002 o r  0 ,003 
" r' 
:-I, .C;,3E; to 9,07 mm) t o  t h e  loop he igh t .  This may r e s u l ?  i n  a  d i f f e r -  
;Je <!is t~3butioa of f o r c e s  a t  t h e  t ime of breakage. One way of forming 
tcz 1:09 so  rhal it can be measured a f t e r  s t r e t c h i n g  i s  t o  push t h e  
i: & r e  scgn~eiats c a r e f u l l y  back toge the r  a f t e r  t h e  bond is  pu l l ed .  An- 
<. + - I ~ P  5.s -to ec~.tsion t h e  bond on t h e  pul-ling appara tus  t o  a f o r c e  
s l_ l "g t~ t iy  .less than t h a t  r equ i r ed  t o  break ad jacent  bonds. 
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c a l c u l a t e  t h e  t e n s i l e  s t r e n g t h  of t h e  wire  on t h e  b a s i s  of a  simple 
r e s o l u t i o n  of f o r c e s .  This i s  i n  c o n t r a s t  t o  t h e  r e s u l t  found when t n e  
bond f a i l s  a t  t h e  h e e l  of t h e  f i r s t  bond (NBS Tech. Note 571, pp. 2 4 - 2 6 ) .  
Using t h e  same r e s o l u t i o n  of f o r c e s  equat ions ,  t h e  loop he ight  
w i l l  r e s u l t  i n  Twt = T was c a l c u l a t e d  f o r  t h e  va r ious  bond l eng ths  t h a t  
a r e  normally used i n  t h i s  l abo ra to ry .  Use of t h e  app ropr i a t e  loop he igh t s  
i n  t h e  f u t u r e  would permit  t h e  r epo r t ed  bond s t r e n g t h  t o  be t h e  same a s  
t h e  t ens ion  i n  t h e  unannealed wire  a t  t h e  moment of rup tu re .  A s  an ex- 
ample, f o r  a  bond l eng th  of 0.04 i n .  ( 1  mm) i n  a  s i n g l e  l e v e l  bonding 
s i t u a t i o n  t h e  loop he igh t  f o r  Twt = T is  approximately 0 .012  i n ,  ( 0 - 3  m m ) .  
(G, G .  Harlan)  
Some o rgan iza t ions  s e a l  a t  temperatures  s l i g h t l y  below 500°C. Under 
t h e s e  condi t ions  it is  observed t h a t  t h e  major i ty  of t h e  bonds break a t  
t h e  h e e l  r a t h e r  than  i n  t h e  span. This was confirmed by performing a 
second experiment wi th  10 s i n g l e - l e v e l  bond p a i r s .  Af t e r  p u l l i n g  every 
o t h e r  bond p a i r  t o  d e s t r u c t i o n  t h e  s u b s t r a t e  wi th  t h e  remaining bonds was 
placed i n  a  n i t rogen  atmosphere a t  490°C f o r  20 min. The annealed bond 
p a i r s  were then  pu l l ed  t o  d e s t r u c t i o n .  The average p u l l  s t r e n g r h s  and 
s t anda rd  dev ia t ions  be fo re  and a f t e r  hea t ing  were s i m i l a r  t o  t5ose  found 
i n  t h e  505OC experiment. Again, be fo re  h e a t i n g ,  no bonds f a i l e d  i n  t h e  
span.  However, a f t e r  hea t ing  only 40 percent  of t h e  bonds broke i n  t ? e  
span a s  compared wi th  80 percent  f o r  t h e  505OC experiment,  This r e s u l t  
is  i n  accord wi th  t h e  known f a c t  t h a t  m e t a l l u r g i c a l  changes take p l ace  
i n  t h e  wire  around 500°C. (K. 0 .  Leedy and 2 ,  A .  Main) 
Characterization o f  Ultrasonic Wire Bonding Systems - 'She l a s e r  in -  
t e r f e rome te r  system [l] previous ly  descr ibed  (NBS Tech. Note 555, p ,  3 0 ,  
and NBS Tech. Note 571, p .  31) ,  has been g r e a t l y  improved i n  i t s  con- 
venience of opera t ion .  The l a s e r  is  now mounted on a  s t a b i l i z e d ,  p o r t a b l e  
t r i p o d  p la t form having x-, y-, and z-axis  micrometer p o s i t i o n e r s  a s  shown 
i n  f i g u r e  6 .  The in t e r f e rome te r  ou tput  i s  d isp layed  on an osc i i i o scope  
not  shown i n  t h e  f i g u r e .  The system can now be s e t  up and o p r i c a l l y  
a l igned  on any bonding machine o r  experimental  s e t u p  i n  approximately 5 
min. A complete c a l i b r a t i o n  of bonding t o o l  t i p  v i b r a t i o n  am2litude is 
a func t ion  of power.supply c o n t r o l  s e t t i n g  t a k e s  only 5 t o  10 inin of 
a d d i t i o n a l  t ime.  
When us ing  t h e  above system t h e  l a s e r  i s  no t  phys i ca l ly  a t t ached  t o  
t h e  bonding machine. Therefore,  sma l l ,  low-frequency room v i b r a t i o n s ,  
of t h e  o rde r  of s e v e r a l  microinches,  w i l l  change t h e  output  waveshape a t  
t h e  end o r  turn-around p o i n t s  of t h e  t o o l  motion. This makes it ivposs i -  
b l e  t o  d i s p l a y  t h e  l a s e r  ou tput  as a  r e p e t i t i v e  osc i l l o scope  p- a t t e r n  alnd 
r e q u i r e s  t h a t  d a t a  b e  taken  from a s i n g l e  sweep of t h e  osc i l l o scope  beam, 
This  can be  done e i t h e r  wi th  a  memory osc i l l o scope  t h a t  has a s u f f i c i e n t l y  
fast w r i t i n g  r a t e  o r  by photographing t h e  in t e r f e rome te r  p a t t e r n  from a 
s tandard  osc i l l o scope  t r a c e .  Photographs have been used i n  t h e  p re sen t  
s tudy.  No room motion is evident  during t h e  s h o r t  (approximately 40 us) 
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A -HEAVY DUTY TRIPOD WITH STA- 
B I L I Z E D  BASE 
B - X-, Y-, AND Z - A X I S  MICROMETER 
ADJUSTMENTS FOR A I M I N G  THE LASER 
C - LASER SYSTEM WITH FOCUSING OPTICS 
NEAREST THE BONDING MACHINE AND 
DETECTOR AT THE REAR 
D - BONDING MACHINE 
E - LASER POWER SUPPLY 
Figure 6. Laser system set-up for cali- 
brating ultrasonic bonding tool vibration 
amplitude. 
Figure 7. A comparison between the cutput of a microphone and a laser 
interferometer simultaneously monitoring the same loose bonding tool. 
(The upper curve is the output of the capacitor microphone and encom- 
passes about five repetitive traces with approximately 5.5 tool motion 
cycles in each trace. Distortion of the wave shape is obvious. The 
horizontal scale is approximately 10 ~s/div. The lower curve is the 
laser interferometer output resulting from a single oscilloscope trace 
covering approximately 1.5 tool motion cycles. The horizontal scale is 
approximately 2 ps/div.) 
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sweep p e r i o d ,  and t h e  photograph s e r v e s  a s  a  r e c o r d  -chat may be p r e s e r g e d  
f o r  f u t u r e  r e f e r e n c e .  
I n  a d d i t i o n  t o  measuring t h e  a b s o l u t e  d i sp lacement  of landing t o o l s ,  
t h e  l a s e r  h a s  been compared wich t h e  c a p a c i t o r  microphone f o r  Lrouble 
s h o o t i n g  bonding machines.  S i n c e  it i s  n o t  p r a c t i c a l  t o  c l e s i ~ ~ ?  nany drf- 
f e r e n t  mounting systems t o  a t t a c h  t h e  l a s e r  r i g i d l y  t o  t h e  v a r i e t y  oC 
bonding machines a v a i l a b l e ,  measurements a r e  r e s t r i c t e d  t o  a s i n g l e  oscL1- 
loscope  sweep and t h u s  a r e  n o t  s u i t a b l e  f o r  t r o u b l e  s h o o t i n g  and diagnos-  
t i c  work. An example i s  shown i n  f i g u r e  7 ,  a s i n g l e  exposure  photograph 
from a double  beam o s c i l l o s c o p e .  The upper  p a t t e r n  is a  r e p e t i t i v e  t r a c e  
from a c a p a c i t o r  microphone, t h e  lower i s  a  s i n g l e  t r a c e  from t h e  l a s e v  
i n t e r f e r o m e t e r .  Both i n s t r u m e n t s  were d i r e c t e d  toward t h e  sarre bonding 
t o o l  on which t h e  s e t  screw had been loosened .  The microp3cne p a t t e r n  
c l e a r l y  i n d i c a t e s  t h a t  a  problem e x i s t s ,  b u t  t h e  s i n g l e  i n t e r f e r o m e t e r  
t r a c e  below does n o t  encompass enough bonding t o o l  v i b r a t i o r  c y c l e s  t o  
d e t e c t  t h e  problem. Thus a t  p r e s e n t  t h e  l a s e r  i s  used e x c ~ u s i v e l y  f o r  
a b s o l u t e  c a l i b r a t i o n  o f  bonding t o o l  motion.  Th is  c a l i b r a t i o n  can t b e l ~  
be  t r a n s f e r r e d  t o  more p o r t a b l e  measur ing d e v i c e s ,  such a s  r a g n e t i c  
p ickups  and c a p a c i t o r  microphones. 
One problem w i t h  t h e  small commercial l a s e r  employed i n  t a e  p r e s e r t  
i n t e r f e r o m e t e r  i s  t h a t  it i s  p r i m a r i l y  a multimode d e v i c e ,  For i n t e r -  
f e r o m e t r y ,  t h e  u n i t  must l a s e  i n  a s i n g l e  mode. P r e v i o u s l y  the l a s e r  rlad 
been tuned  t o  maximum o u t p u t  and t h e n  detuned t o  t h e  TEMOO mod, This  is  
a c r i t i c a l  ad jus tment  and s u b j e c t  t o  b o t h  ampl i tude  and mode d r i f t i r L g ,  
Even a few p e r c e n t  of a h i g h e r  mode c r e a t e s  an unaccep tab le  n o i s e  leve, 
i n  t h e  d e t e c t o r  o u t p u t .  A t  t h e  s u g g e s t i o n  o f  t h e  m a n u f a c t u r e r ,  s p e c i a L  
end p l a t e s  were made t o  i n c r e a s e  t h e  l a s e r  c a v i t y  l e n g t h  ~ y '  1 cn, The 
m i r r o r s  were r e i n s t a l l e d  and t h e  l a s e r  r e t u n e d .  Th is  r e s u l t e d  I-n a  l a s e r  
t h a t  o p e r a t e s  o n l y  i n  t h e  TEMOO mode and t h e r e f o r e  makes a  b e t r e r  i ~ t e r -  
f e r o m e t e r .  (G. G .  Harman and A .  W, S t a l l i n g s )  
New exper iments  were under taken  t o  i n v e s t i g a t e  t h e  pi-ocess of m a k i ~ g  
aluminum u l t r a s o n i c  w i r e  bonds and,  i f  p o s s i b l e ,  t o  develop measurenent 
methods t h a t  may be  a p p l i c a b l e  t o  i n - p r o c e s s  bond q u a l i t y  d e t e r m i n a t i o n ,  
The i n i t i a l  exper iment  c o n s i s t e d  of mixing a  l o c a l  o s c i l l a r o r  w i t h  t h e  
o u t p u t  of a 1 / 8 - i n .  (0.3-mm) d iamete r  c a p a c i t o r  microphone wi th  a  f r e -  
quency r e s p o n s e  g r e a t e r  t h a n  200 kHz. The microphone was p o s i t i o n e d  t o  
p i c k  up sound e m i t t e d  from t h e  t i p  o f  a  bonding t o o l  d u r i n g  a c t u a l  w i r e  
bonding.  The mixer o u t p u t  was f e d  i n t o  a n  a u d i o  a m p l i f i e r  and from t h e r e  
i n t o  a s p e a k e r ,  a n  o s c i l l o s c o p e ,  and a  t a p e  r e c o r d e r  a s  shown in the block 
diagram o f  f i g u r e  8 .  This  a p p a r a t u s  a l l o w s  t h e  bonding machfne o p e r a t o r  
t o  l i s t e n  t o  an  a u d i b l e  b e a t  f requency  sound d u r i n g  actual .  bond f o r m a t i o n .  
T y p i c a l l y ,  w i t h  0.001-in (25-pm) d i a m e t e r  aluminum w i r e ,  an ul-crason;c 
bond i s  made i n  abou t  100 m s  which i s  t o o  s h o r t  a  t ime  f o r  t ? e  humac ea? 
t o  d i s t i n g u i s h  small ampl i tude  o r  f requency  changes .  There fore  t n e  aud?o  
b e a t  f requency  was recorded  on magnet ic  t a p e  and l a t e r  plaqeL ~ & c k  a t  a 
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A - TRANSDUCER E -AMPLIFIER I .! IF 
B - BONDING TOOL F - OSCILLOSCOPE 
C - CAPACITOR MICROPHONE G - TAPE RECORDER 
D - DOUBLE BALANCED MIXER H - SPEAKER 
- 
Pzgure  8, Schematj. representation of mixer system for monitoring ultrasonic bond formation. 
slower r a t e  s o  t h a t  d t a i l s  of bonding could be  both heard and c a r e f u l l y  
examined on an o s c i l l  cope. Such record ings  were made f o r  t h e  funda- 
mental t o o l  v i b r a t i o n  ?equency through t h e  f o u r t h  harmonic, t h e  extreme 
response l i m i t  of t h e  microphone. A b r i e f  i n v e s t i g a t i o n  extending from 
t h e  fundamental t o  t h e  f i f t e e n t h  harmonic was a l s o  c a r r i e d  ou t  us ing  t h e  
vo l t age  o r  c u r r e n t  from < h e  power supply d r i v i n g  t h e  t r ansduce r .  A t  t imes 
t h e  bonding machine schedule  was modified by reducing t h e  u l t r a s o n i c  power 
and inc reas ing  t h e  bonding time s o  t h a t  t h e  bonding process  could be heard 
more c l e a r l y  i n  r e a l  t ime.  
This  i n i t i a l  s tudy  was made us ing  two u l t r a s o n i c  power s u p p l i e s  of 
d i f f e r e n t  manufacture.  However, only one bonding machine, one t r ansduce r ,  
and one bonding t o o l  ex tens ion  were used i n  t h e  t e s t s .  Some v a r i a t i o n  i n  
t h e  r e s u l t s  could be expected i f  t h e  l a t t e r  two had a l s o  been changed. 
The i n i t i a l  r e s u l t s  were dependent on t h e  p a r t i c u l a r  power supply used t o  
d r i v e  t h e  t r ansduce r .  For power supply A t h e r e  was a  few percent  decrease  
i n  t h e  SO-kHz t o o l  v i b r a t i o n  amplitude during bonding, while  f o r  power 
supply B t h e r e  was a  20 pe rcen t  i n c r e a s e .  These d i f f e r e n c e s  a r e  presum- 
ab ly  a  func t ion  of t h e  e l e c t r o n i c  feedback systems i n  each power supply 
a s  w e l l  a s  t h e  method of t ransducer  d r i v e ,  which is  cons t an t  c u r r e n t  i n  
one and cons tan t  power i n  t h e  o t h e r .  A s  would be  expected,  d i f f e r e n c e s  
were observed i n  t h e  var ious  harmonic r e l a t i o n s h i p s  during bonding. The 
second harmonic of  both s u p p l i e s  increased  i n  amplitude b u t  i n  t h e  case  
of power supply B an unusual  frequency warbl ing was heard during p a r t  of 
each bond, The t h i r d  harmonic of power supply A was pure tone  t h a t  i n -  
creased 5 t o  6 dB i n  amplitude a s  t h e  t o o l  touched t h e  wire  o r  s u b s t r a t e ,  
There was an a d d i t i o n a l  i n c r e a s e  of s e v e r a l  d e c i b e l s  dur ing  a c t u a l  bonding. 
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These l a r g e  i nc reases  i n  amplitude of t h e  t h i r d  harmonic which is  gen- 
e r a t e d  by p re s su re  on t h e  t o o l  a r e  i n  g e n e r a l  agreement wi th  a s imple 
theory  o f  a damped mechanical mass-spring system [21. 
The r e s u l t s  f o r  both power s u p p l i e s  were a func t ion  of t h e  micro- 
phone pickup p o s i t i o n  wi th  r e s p e c t  t o  t h e  v i b r a t i n g  bonding t o o l .  The 
l a r g e s t  amplitude changes were ob ta ined  wi th  t h e  microphone near  t h e  
bottom of  t h e  t o o l ,  c l o s e  t o  t h e  w i r e .  The s m a l l e s t  changes were observed 
wi th  t h e  microphone i n  f r o n t  of  t h e  t r ansduce r  horn.  S imi l a r ly  smal l  
changes were a l s o  observed when t h e  mixer was connected d i r e c t l y  t o  t h e  
e l e c t r i c a l  d r i v e  of t h e  t r ansduce r .  
This experiment was o r i g i n a l l y  in tended  t o  be run  wi th  a s p e c i a l  
power-supply-transducer combination i n  which t h e  t r ansduce r  i s  a s e l f -  
tun ing  element of t h e  o s c i l l a t o r  c i r c u i t .  Thus a s  t h e  t o o l  motion i s  
a f f e c t e d  by t h e  bonding process  both t h e  frequency and t h e  amplitude can 
be expected t o  change, producing two measurable v a r i a b l e s  during bond Eor- 
mation. The power supply and t r ansduce r  d i d  no t  a r r i v e  during t h e  q u a r t e r  
and thus  t h e  i n i t i a l  experiments were performed wi th  a f i x e d  frequency 
system. (G, G. Harman) 
Eight  magnetic pickups were assembled and e i g h t  bonding machine 
mounts f o r  e i t h e r  magnetic pickups o r  c a p a c i t o r  microphones were made a t  
t h e  r e q u e s t  of a sponsor .  A procedure f o r  u s ing  both t h i s  equipment and 
capac i to r  microphones t o  tune  and t r o u b l e  shoot  u l t r a s o n i c  wi re  bonding 
equipment has  been prepared [3]. 
(G. G.  Harman, H. K. Kess le r ,  G .  P. Spurlock, and A ,  W, S t a l l i n g s )  
Addi t iona l  s t u d i e s  of  ex t raneous  machine-induced motions were c a r r i e d  
ou t  wi th  t h e  e lec t romagnet ic  displacement s enso r  dur ing  a c t u a l  bonding on 
a second bonding machine. Resu l t s  were s i m i l a r  t o  t hose  r epo r t ed  previous-  
l y  (NBS Tech, Note 571, p .  2 7 ) .  A t y p i c a l  osc i l logram of t h e  motion be- 
tween t h e  machine housing, which suppor t s  t h e  bonding t o o l ,  and t h e  work 
s t a g e  wi th  t h e  motor and a l l  cams ope ra t i ng  i s  shown i n  f i g u r e  9, The 
i n d i c a t e d  motion is  i n  t h e  s ide - to - s ide  d i r e c t i o n .  The t r a c e  i n  f i g u r e  
9a covers  t h e  p a r t  of t h e  bonding cyc l e  from f i r s t  sea rch  through bonding 
t o  loop formation.  The upper t r a c e  d i s p l a y s  t h e  u l t r a s o n i c  bonding pu l se  
t o  i n d i c a t e  when t h e  bonding occurs .  The lower curve ,  on t h e  same time 
s c a l e ,  shows t h e  var ious  se l f - induced  bonding machine v i b r a t i o n s ,  Maximum 
v i b r a t i o n  ampli tudes about  1 3  um peak-to-peak dur ing  and immediately a f t e r  
t h e  bond i s  formed a r e  i n d i c a t e d  by f l u c t u a t i o n s  i n  t h e  envelope ampli tude,  
A s  t h e  machine goes i n t o  t h e  loop p o s i t i o n ,  a displacemenr of  t h e  e n t i r e  
housing i s  i n d i c a t e d  where t h e  envelope of t h e  osc i l logram decreases  t o  
about one f i f t h  i t s  i n i t i a l  va lue .  Vibra t ions  wi th  amplitude of 5 um o r  
more peak-to-peak cont inue  i n t o  t h i s  p o r t i o n  of  t h e  c y c l e ,  with s e v e r a l  
peaks approaching 1 3  pm. . 
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a: F i r s t  s ea rch  p o s i t i o n  through bonding and i n t o  loop pos i t ion .  
b: Second sea rch  p o s i t i o n  through bonding and wi re  cutoff  t o  r e s e t  
p o s i t i o n .  
Figure  9 .  Measurement of t h e  self-induced v i b r a t i o n s  of a bonding 
machine. (The upper t r a c e  d i sp lays  t h e  u l t r a s o n i c  bonding pulse .  The 
lower t r a c e  g ives  t h e  output  of t h e  displacement sensor .  The v e r t i c a l  
s c a l e  f o r  t h e  lower t r a c e  (displacement) is  2.5 ~ rn /d iv .  The hor i zon ta l  
s c a l e  f o r  both  t r a c e s  is  100 ms/div.) 
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The t r a c e  i n  f i g u r e  9b covers  t h e  next  part: of t h e  bonding cyc le  
from second sea rch ,  through second ponding and wire  c u t o f f ,  t o  t h e  
s t a r t i n g  o r  r e s e t  p o s i t i o n .  The temporary displacement of t h e  housing 
which occurred e a r l i e r  i n  t h e  cyc le  cont inues u n t i l  wi re  c u t o f f ,  a t  which 
t ime t h e  housing moves back t o  i t s  o r i g i n a l  p o s i t i o n  accompanied by l a r g e  
v i b r a t i o n s  with i n i t i a l  amplitudes approaching 1 3  pm. Af t e r  t h i s ,  t h e  
v i b r a t i o n s  damp ou t  a s  t h e  machine reaches i t s  s t a r t i n g  p o s i t i o n  and t h e  
cam motor s t o p s ,  
A v i b r a t i o n  s tudy was made o f  each i n d i v i d u a l  cam, inc luding  t h e  
ope ra t ing  l e v e r s ,  i n  o rde r  t o  determine i n  which cam and l e v e r  combination 
t h e  v i b r a t i o n  o r ig ina t ed .  It was found t h a t  each cam and l e v e r  has  i t s  
own v i b r a t i o n  c h a r a c t e r i s t i c s ,  b u t  i f  a l l  cams and l e v e r s  a r e  ope ra t ing ,  
some v i b r a t i o n s  a r e  ampl i f ied  and o t h e r s  a r e  cance l led  o u t ,  
(H, K. KessLer) 
Equipment Improvements - An improved e lec t romagnet ic  displacement 
s enso r  was b u i l t  f o r  t h e  wire  i nden ta r ion  t e s t e r  prev ious ly  descr ibed 
(NBS Tech. Note 560, p.  37) .  A s  shown i n  f i g u r e  10a ,  it i s  sh i e lded  50th  
magnet ical ly  and e l e c t r o s t a t i c a l l y  t o  prevent  pickup from t h e  motor and 
o t h e r  moving p a r t s  of  t h e  t e s t e r .  The system shown i n  Figure l o b ,  i s  de- 
s igned  t o  s imu la t e  t h e  bonding ope ra t ion  i n s o f a r  as t h e  wire  charac te r -  
i s t i c s  a r e  concerned. The wire  i s  indented a t  r e g u l a r  i n t e r v a l s  by a 
wedge wi th  dimensions s i m i l a r  t o  those  of a  bonding t o o l ,  A f i x e d  f o r c e  
is  app l i ed  t o  t h e  wire  each time and t h e  depth of impression is  measured 
by t h e  displacement s enso r  and recorded.  Any i r r e g u l a r i t i e s  can be r ead i -  
l y  observed and hence t h e  inden ta t ion  q u a l i t i e s  of t h e  wire  a s se s sed ,  
Modif icat ions were made t o  t h e  bond-pulling apparatus  t o  allow 
p u l l i n g  of bonds a t  a  maximum r a t e  of 77 g f / s  (764 m N / s ) .  
(H. K. Kess le r  and A .  w ,  S t a l l i n g s )  
BibZiography and Cr i t i ca l  Review - The f i r s t  d r a f t  of t h e  b i b l i o -  
graphy on mic roe l ec t ron ic  wire  bonds was completed. The b ib l iography i s  
a compilat ion wi th  key words of over 200 publ i shed  a r t i c l e s ,  U. S. Govern- 
ment r e p o r t s ,  U .  S. P a t e n t s ,  s t anda rds ,  and conference t a l k s  r e i e v e n t  
t o  wire  bonds i n  t h r e e  a r eas :  t e s t i n g ,  f a b r i c a t i o n ,  and degracht ion ,  An 
at tempt  was made t o  make t h e  c o l l e c t i o n  of papers  on t e s t  and eva lua t ion  
methods complete while  t h e  c o l l e c t i o n  of a r t i c l e s  i n  t h e  a r eas  of fabri- 
c a t i o n  and degradat ion i s  meant t o  be r e p r e s e n t a t i v e .  While a r t i c l e s  
publ ished a s  e a r l y  a s  1957 a r e  inc luded ,  t h e  b ib l iog raph ic  search  concen- 
t r a t e d  on t h e  per iod  from 1965 t o  1970, i n c l u s i v e .  The s e l e c t i o n  of 
papers  was gene ra l ly  l i m i t e d  t o  those  t h a t  were p e r t i n e n t  t o  wire  bonds 
where t h e  wire  diameter is l e s s  than  about 50 pm (0.002 i n . )  and where 
t h e  wire  is  bonded by e i t h e r  thermocompressive o r  u l t r a s o n i c  means, 
Revision of t h e  f i r s t  d r a f t  of t h e  c r i t i c a l  survey paper was begun. 
(H. A .  Scha f f t  and E. C. Cohen) 
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A - LAMINATED MU-METAL CORE 
B - C O I L  FORM 
C - COIL  
D - MU-METAL SHIELD 
E - BRASS SHIELD 
F - OUTPUT CONNECTOR 
G -GROUND CONNECTION 
a: Lraproved pickup coil for electro- 
magnetic displacement sensor. 
A - L I F T I N G  ARM CAM 
I3 - L I F T I N G  ARM 
C - D R I V E  MOTOR 
D - SENSOR HEIGHT ADJUSTMENT 
E - DISPLACEMENT SENSOR, PICKUP COIL  
F - ELECTRICAL INPUT CONNECTOR 
G -SAPPHIRE ANVIL  
H - ELECTRICAL OUTPUT CONNECTOR 
1 - MIRE FEED CAPILLARY 
2 - WIRE FEED SPOOL 
K - WIRE TAKE-UP SPOOL 
L - WIRE FEED WEIGHT ADJUSTMENT 
M - DISPLACEMENT SENSOR, DRIVER HEAD 
N - LOCATION OF NEIGHT 
0 - W I R E  FEED RATE CONTROL 
b: Indentation tester. 
Figure  10. Iznproved electromagnetic displacement sensor and wire in- 
dentation tester. 
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Plans: Laser interferometry c a l i b r a t i o n  and o ther  s t u z i ~ s  cl ~ ~ 5 -  
ing  t o o l  motion w i l l  continue. Fur ther  work on electr~onic mixing iC 
bonding t o o l  s igna l s  with l o c a l  o s c i l l a t o r s  w i l l  resume. ;.fi"er .ic:;e spz,;~: 
power-supply-transducer combination i s  received. Evaluaticn of  r i h b c a  
wire f o r  u l t r a s o n i c  bonding w i l l  resume a f t e r  t h e  ribhor" wEre btnde: ,; 
received following modificat ion by i ts  manufacturer, Worsc on tne c ; i r i -  
indenta t ion  t e s t e r  w i l l  continue, Experimental and s - t a t l i t i c a i  ~ ~ E L L \ J ~ ~ s  
of s i g n i f i c a n t  f a c t o r s  i n  t h e  wire bond p u l l  t e s t  w i l l  contiazie, E'iu~+.l~er 
as s i s t ance  w i l l  be given t o  sponsors i n  connection with problems en- 
countered on device production l i n e s .  Preparat ion of t h e  bibl iography 
and rev i s ions  of t h e  f i r s t  d r a f t  of  t h e  survey paper w i l l .  continut, 
4.4. PROCESSING FACILITY 
Objective: To e s t a b l i s h  a microelectronic f ab r i ca t ion  labora tory  
with t h e  f a c i l i t i e s  and procedures necessary f o r  t h e  production of 
spec ia l i zed  s i l i c o n  devices f o r  use i n  research  on measu.rement m e t h ~ d s ,  
Progress: A.10-kW e lec t ron  beam evaporation system was i n . s t a ~ . ~ e a  
f o r  the  deposi t ion of aluminum. A photograph of the  system, l h r i t n  the 
planetary s u b s t r a t e  d r ive  (NBS Tach, 
Note 560, p. 391, i s  shown i n  f f g u r e  
11. This system o f f e r s  severa l  ad- 
vantages over t h e  t u n g s t e ~ ~  f5.1;msrr 
system it replaces  because it makes 
poss ib le  very high alumircv depos i- 
t i o n  r a t e s  ( i n  excess of 3 , s  ~in; /~- , in)  
Since the  evaporation rate i s  hr ; i i ,  
t h e  contamination of t h e  mete1 i s  
lower. Experience with p-channel, 
metal-oxide-semiconductor s t ruc t l .~res  
revealed t h a t  contamina~ed al_trnT:i-.un 
was one of  t h e  primary ~ o n t ~ i h ~ t ~ ~ n s  
t o  excessive threshold voitages, 
(T. F. Leedy, J, bawczyk,  and 
L, M, Snlchb 
A system was b u i l t  for t n e  pi=-- 
pose o f  deposi t ing  v i t r e a t ~ s  s i L l c  o i r  
d ioxide f i l m s  from silane, T h i s  
process is  useful  when a s i l i c o n  
dioxide l a y e r  must be produced a t  
low temperature. Such ox.i;ie f i h r a  
may be used f o r  d i f fus ion  masks ,  f o r  
t h i n  f i l m  components, o r  t o  pnio.tect 
Figure 11. Electron-beam evaporation system, a abrasion* The? sowcc 














b: Silicon wafer with seg- 
mented oxide pattern 
(shaded region). 
a: Scfiernatic representation. 
Figure 13. Apparatus for measuring dynamics of photoresist spinners. 
PROCESSING FACILITY 
m a t e r i a l  is  commercially a v a i l a b l e  high-puri ty  s i l a n e .  A s i l i c o n  dioxLde 
depos i t  is produced by r e a c t i n g  n i t rogen-d i lu ted  s i l a n e  wi th  oxygen a e  
temperatures  ranging  from 200 t o  500°C. The system cons t ruc ted  i s  shown 
schemat ica l ly  i n  f i g u r e  12. The wafers  t o  be  coated a r e  placed on a  
heated g l a s s  p l a t e  i n  t h e  r e a c t i o n  chamber. Since t h e  depos i t ion  r a t e  i s  
temperature s e n s i t i v e  t h e  wafer temperature must be he ld  cons tan t  t c  ti°C 
[l]. The design of t h e  r e a c t i o n  chamber i s  c r i t i c a l  t o  t h e  product ion of  
uniform f i l m s  a t  high depos i t i on  r a t e s .  O f  prime concern a r e  t h e  t o t a l  
flow r a t e ,  t h e  geometry of  t h e  chamber, and t h e  uniformity of  tlie sub- 
s t r a t e  temperature.  
Prel iminary i n f r a r e d  a n a l y s i s  o f  f i l m s  depos i ted  a t  350°C shows t h e  
same f e a t u r e s  as observed f o r  thermally produced oxides with one except ion,  
The absorp t ion  peak a t  9 .2  vm a s soc i a t ed  wi th  thermally produced oxides 
w a s  s h i f t e d  t o  a  h igher  wavelength (9.7 pm), c h a r a c t e r i s t i c  of  l e s s  dense, 
depos i ted  oxides [2]. The d i e l e c t r i c  cons tan t  of  t h e  depos i ted  oxide 
measured a t  1 MHz was observed t o  be 4.50, aga in  c h a r a c t e r i s t i c  of such 
f i l m s ,  a s  opposed t o  3.85 f o r  t h e  thermally grown f i l m s .  
(T. F. Leedy, J. Krawczyk, and E, I, Klein)  
A s imple method w a s  developed f o r  t h e  measurement of  t h e  dynamics of 
p h o t o r e s i s t  sp inners .  The f i n a l  t h i ckness  o f  a  p h o t o r e s i s t  f i l m  depends 
on t h e  angular  a c c e l e r a t i o n  of t h e  wafer a s  w e l l  as i t s  t e rmina l  angular  
v e l o c i t y  C31. To a s s u r e  t h a t  a  p h o t o r e s i s t  sp inne r  w i l l  produce f i l m s  
o f  c o n s i s t e n t  t h i ckness ,  t h e  a c c e l e r a t i o n  must be measured and c o n t r o l l e d ,  
The angular  a c c e l e r a t i o n  is  dependent on t h e  torque ,  t h e  momen-c of i n e r t i a  
o f  t h e  r o t a t i n g  components, and o t h e r  phys i ca l  parameters o f  t h e  sp inner  
system. 
The measurement appara tus  is shown i n  f i g u r e  13.  A s i l i c o n  wafer 
o f  t h e  same s i z e  t h a t  is used i n  a s t anda rd  monol i th ic  process  i s  oxi- 
d ized  t o  appear dark b l u e  i n  co lo r  (oxide approximately 0 -13  urn t h i c k ) ,  
The oxide is  etched i n  a r a d i a l  p a t t e r n  a s  shown i n  f i g u r e  13b, U t i l i z i n g  
t h e  d i f f e r e n c e  i n  t h e  r e f l e c t i v i t y  i n  t h e  p a t t e r n ,  a  l i g h t  source and a 
pho toce l l  sense  t h e  passage of  t h e  p a t t e r n  a s  t h e  wafer r o t a t e s  on t h e  
sp inner .  The output  o f  t h e  pho toce l l ,  r ep re sen t ing  t h e  passage of each 
segment, is  d isp layed  on t h e  osc i l l o scope .  By inco rpora t ing  an accu ra t e  
t iming  pu l se  i n t o  t h e  osc i l l o scope  d i s p l a y ,  both t h e  a c c e l e r a t i o n  and 
f i n a l  v e l o c i t y  can be  determined. (T .  F. Leedy and J, Krawczyk) 
Plans: A th ree- tube  furnace  w i l l  be  i n s t a l l e d  and made ope ra t iona l  
t o  permit  t h e  increased  d i f f u s i o n  c a p a b i l i t y  p r e s e n t l y  needed. Addition- 
a l  measurements on t h i n  d i e l e c t r i c  f i l m s  w i l l  be  s t a r t e d  t o  determine 
t h e i r  c h a r a c t e r i s t i c s  more p rec i se ly .  Study o f  t h e  techniques t o  de t e r -  
mine sp inne r  dynamics w i l l  be continued. 
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5. METHODS OF MEASUREMENT FOR SEMICONDUCTOR DEVICES 
5.1. THERMAL PROPERTIES OF DEVICES 
Object ive:  To eva lua t e  and improve e l e c t r i c a l  measwenent techniques 
f o r  determining t h e  thermal  c h a r a c t e r i s t i c s  o f  semiconductor devices ,  
Progress:  The l i t e r a t u r e  s ea rch  f o r  methods t o  measure thermal  re- 
s i s t a n c e  and t r a n s i e n t  thermal  response o f  semiconductor devices  xas  con- 
t inued .  Work on t h e  b ib l iography and review paper was cont inued,  a l -  
though i n  a  lower p r i o r i t y  s t a t u s .  (M. Sigrnan and F, F, Oet t inger )  
Work has continued on t h e  p repa ra t ion  o f  a s u i t a b l e  measweinent pro- 
cedure and d a t a  c o l l e c t i o n  format f o r  t h e  pre l iminary  thermal  r e s i s t a n c e  
round r o b i n  being conducted by JEDEC Committee JC-25 on Power T r a n s i s t o r s ,  
The c a p a b i l i t i e s  o f  on-l ine measuring equipment a v a i l a b l e  t o  p a r t i c i p a n t s  
a r e  being determined i n  o rde r  t o  o b t a i n  information t o  a s s i s t  i n  e s t ab l i sh - -  
i ng  t h e  condi t ions  t o  be used f o r  t h e  t e s t .  (F, F, Oet t inge r )  
A s tudy was conducted t o  determine what e f f e c t  v a r i a t i o n s  i n  device 
case  temperature would have on t h e  vol tage  a t  which a  h o t  s p o t  was formed, 
Measurements of base cu r r en t ,  IB, a s  a  func t ion  of co l l ec to r - emi t t e r  
vo l tage ,  VCE,  a t  cons tan t  c o l l e c t o r  c u r r e n t ,  Ic, f o r  case  temperatures o f  
25 t o  100°C ind ica t ed  t h a t  t h e  vol tage  l e v e l  a t  which t h e  hot  spo t  was 
formed is  nea r ly  independent of t h e  case  temperature.  Typical  curves,  
shown i n  f i g u r e s  14 and 15, i n d i c a t e  t h a t  t h e  change i n  t h e  va lue  of VCE 
a t  which t h e  h o t  s p o t  occurs  a s  t h e  case  temperature increased  from 25 t o  
100°C, al though smal l ,  i s  g r e a t e s t  under low IC, high VCE opera t ing  con- 
d i t i o n s .  The change under t h e s e  condi t ions  may be due t o  t h e  temperature 
dependence of  t h e  avalanche c h a r a c t e r i s t i c  of t h e  co l lec tor -base  junc t ion  
a t  VCE l e v e l s  c lo se  t o  t h e  breakdown vol tage .  Prel iminary infpared  micro- 
radiometer  measurements i nd ica t ed  t h a t  a t  t h e  vo l t age  a t  which tile hot 
s p o t  was formed, t h e  maximum hot-spot temperature increased  approximately 
75OC when t h e  case  temperature was r a i s e d  from 25 t o  100°C, These r e s u l t s  
suggest  t h a t  hot-spot  formation i s  governed by t h e  magnitude of  a  l oca l -  
i zed  temperature i nc rease  (which may occur a s  a r e s u l t  o f  device geometry, 
device cons t ruc t ion ,  o r  junc t ion  o r  bulk anomalies1 r a t h e r  than  by t h e  
abso lu t e  temperature of  t h e  ch ip ,  bu t  t h a t  t h e  maximum temperature i n  t h e  
ho t  s p o t  is  a f f e c t e d  by t h e  case o r  ch ip  temperature.  The r e s u l t s  appear 
t o  be c o n s i s t e n t  with both t h e  l a t e r a l  th.ermal i n s t a b i l i t y  model [I] and 
t h e  previous ly  proposed thermal  h y s t e r e s i s  model @BS Tech, Note 520,  
pp. 49-52), 
To allow study of t h e  thermal i n e r t i a  of  t h e  hot  s p o t  during thermal  
h y s t e r e s i s ,  modi f ica t ion  of e x i s t i n g  equipment was considered.  I t  was 
found t h a t  such modi f ica t ion  would compromise i t s ~ u s e f u l n e s s  f o r  the 
s tudy  of thermal  r e s i s t a n c e  and common e m i t t e r  c u r r e n t  ga in ,  The design 
and f a b r i c a t i o n  of  a  second, more f l e x i b l e  measuring system was s t a rbed ,  
(.S. Rubin, G. J. Rogers, and F. F, Oet t inge r )  
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COLLECTOR -EMITTER VOLTAGE - VCE ( V )  
Figure  1 4 ,  Base current as a function of collector-emitter voltage for a 35-W, triple- 
dbffuaad, silicon transistor. (The curves were generated for various values of case 
tmperature, T , and collector current, Ic, as noted. Since each curve was generated 
while holding EC constant, l/IB is proportional to hFE. The peak junction temperature, 
TJIaa marurssd with an infrared microradiometer at the voltage at which the hot-spot was 
f a d  ia aPao ghen for some cases. The hot spots fOrms'at the minim of the curves.) 
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Figure 15. Base current as a function of collector-emitter voltage for a 20-Id, t r ip le -  
diffused, s i l icon power transistor. (The curves were generated for various values of 
case temperature, TC, and collector current, IC, as noted. Since each curve was gen- 
erated while holding IC constant, l/IB is proportional to ~ F E .  Itot spods form a t  t h e  
minima of the curves .) 
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.;i, dna-.-erar~tfer voltage as a function of applied power. The base-emitter voltage 
%-s r ~ e ~ c ~ x s n ~ i  12 p8 after switching to the measuring base current of 6.5 mA. 
1 -3 ?ha 8applicatio.n of power the collector current was I A; case temperature 
Y : hefa+ 9t 25*@* 
b, Dyrw-~k: nalkbration curve. In this calibration procedure the transistor under 
test was a~witched from the operating condition VcE 5 4 V, Ic = 1 A to the meas- 
uring condition IB 6.5 d. The base-emitter voltage was measured 12 1.1s after 
swztcnfng to the low level measuring current. 
Tinure 16, Qt,? used to calculate the thermal resistance of a 35-W, triple-diffused, 
silicon t r n ~ a e t n t o r  as a function of applied power. 
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E l e c t r i c a l  measurements of thermal  r e s i s t a n c e ,  Roy  and common e m i t t e r  
c u r r e n t  ga in ,  hFE, as a func t ion  of  VCE and app l i ed  power f o r  IC up t o  
200 rnA have been r epor t ed  (NBS Tech. Note 571, pp. 35-42), The base 
switching c i r c u i t  and t h e  o p e r a t i o n a l  a m p l i f i e r  used t o  c o n t r o l  t h e  col-  
l e c t o r  c u r r e n t  were modified t o  i n c r e a s e  t h e  c o l l e c t o r  c u r r e n t  capab i l i -  
t i e s  o f  t h e  measuring system t o  1 A. Typica l  raw d a t a  used t o  c a l c u l a t e  
thermal  r e s i s t a n c e  a s  a func t ion  of  app l i ed  power a r e  shown i n  f i g u r e  16, 
Base-emitter vo l tage ,  VBE, measured f o r  a meter ing c u r r e n t  of  6-5 mA, 
12 u s  a f t e r  t h e  end o f  t h e  power pu l se ,  is  p l o t t e d  a s  a func t ion  of power 
i n  f i g u r e  16a ( s o l i d  l i n e ) .  Below 4 W ,  ( I C  = 1 A ,  VCE = 4 V), an ine rease  
i n  non-thermal switching e f f e c t s ,  probably due t o  t h e  decrease i n  hFE a s  
VCE is  decreased,  causes t h e  VBE curve t o  become nonl inear .  Although t h e  
non-thermal e f f e c t s  become l e s s  s i g n i f i c a n t  i f  t h e  de lay  i n  measuring t h e  
temperature s e n s i t i v e  parameter i s  increased  from 1 2  t o  17 y s ,  t h e  addi- 
t i o n a l  cool ing  o f  t h e  junc t ion  t h a t  occurs  during t h e  longer  de lay  t ime 
may r e s u l t  i n  f a l s e l y  low va lues  f o r  Rg. I f  t h e  non-thermal switching 
e f f e c t s  were n o t  p r e s e n t ,  V ~ j j ~  a t low power l e v e l s  would have t h e  va lues  
r ep re sen ted  by t h e  dashed l l n e  i n  f i g u r e  16a  provided t h e  l i n e a r  r e l a t i o n -  
s h i p  between power and junc t ion  temperature,  TJ, extends t o  zero  power 
d i s s i p a t i o n  where VBE = 621 mV. 
The dynamic c a l i b r a t i o n ,  shown i n  f i g u r e  16by was c a r r i e d  out  by 
switching from a low-power cond i t i on  (V = 4 V ,  IC = 114) t o  t h e  rneas- 
u r ing  cond i t i on  (VCE open, IB = 6.5 m~)~!!or ca se  temperature,  TC ,  f r o e  
25 t o  100°C. Under t h e s e  condi t ions  T j  is  somewhat g r e a t e r  t h a c  TC, The 
junc t ion  temperature may be  found by d i sp l ac ing  t h e  case  temperature l i n e  
t o  t h e  r i g h t  s o  t h a t  t h e  ex t r apo la t ed  va lue  of VBE f o r  zero power d i s s i -  
pa t ion  (621 mV) corresponds wi th  2S°C a s  shown by t h e  arrow i n  f i g u r e  16be 
The thermal  r e s i s t a n c e ,  Re, can be  found from t h e  s lopes  of t h e  
l i n e a r  p l o t s  i n  f i g u r e  16a  and b: Rg = ( A T ~ / A V ~ ~ )  ( A V ~ ~ / A W ) .  For t h e  
example shown i n  f i g u r e  16,  Rg = (0 .514~C/ rn~)  (4.23 mV/W) = 2,2OC/W, In  
f i g u r e  17 ,  hFE f o r  t h i s  device,  a 35-W, t r i p l e - d i f f u s e d ,  s i l i c o n  t r a n s i s -  
t o r ,  is  p l o t t e d  toge the r  wi th  Rg a s  computed above. The da t a  i n d i c a t e  
t h a t  t h e r e  is no decrease  i n  hFE a s  VCE is  increased  s o  apparent ly  no 
apprec i ab le  c u r r e n t  c o n s t r i c t i o n  occurs .  I t  should be noted t h a t  i f  Rg 
had been c a l c u l a t e d  from t h e  non-l inear  po r t ion  of  t h e  V a g a i n s t  power RE 
curve t h e r e  would have been an apparent  i n c r e a s e  i n  Ro wrth decreasing 
power. I t  has been shown previous ly  (NBS Tech. Note 571, pp, 35-42) t h a t  
f o r  t h i s  type  o f  device  s t r u c t u r e  t h e  a c t u a l  c h i p  thermal  r e s i s t a n c e  does 
n o t  i nc rease  wi th  decreas ing  power. (S.  Rubin and P, S ,  Oet t inge r )  
I n  some cases ,  an i n c r e a s e  i n  Rg is  observed as TC i s  inc reased ,  An 
experiment was conducted t o  determine i f  t h i s  i nc rease  i n  Rg can be r e -  
l a t e d  t o  t h e  i n c r e a s e  i n  t h e  thermal  r e s i s t i v i t y  of  t h e  s i l i c o n  ch ip  with 
temperature.  Measurements were made on a 35-W, e p i t a x i a l  d i f f u s e d ,  sili- 
con t r a n s i s t o r  wi th  a s i l icon-chip- to- to ta l -device  thermal  r e s i s t a n c e  
r a t i o  of approximately 1 t o  3. The thermal  r e s i s t a n c e  measured f o r  
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Figure 17, Cornon-mitter current gain, hFE, and thermal resistance, Ro, of a 35-W, 
triple-diffused, silicon transistor as a function of applied power, P. (Case temperature 
was held as, 25oC,  The thermal resistance was calculated from the data shown in Figure 16.) 
Figure 18. Thermal resistance,Ro, as a function of case temperature,TC, for a 35-W, epi- 
taxial-diffused, silicon transistor. (During the application of power the collector cur- 
rent was 500 d. The base-emitter voltage, from which the thermal resistance was derived, 
was measured 12 us after switching to a low level measuring current.) 
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I = 500 mA and f o r  V from 1 t o  16 V a t  case  temperatures  ranging fro11 
2S t o  100°C i s  p lo t te$Eas  a func t ion  of  TC i n  f i g u r e  18. In  these  experi-  
ments dynamic c a l i b r a t i o n  curves were r u n  beginning a t  case  t , . p  m n e r a t ~ l ~ e s  
of 25, 50, 75, and 100°C s o  t h a t  t h e  e f f e c t  of t h e  temperature d e p e ~ d e n c s  
of Rg on t h e  r e l a t i o n s h i p  between TC and T j  under c a l i b r a t i o ~  condi t ions  
(power d i s s i p a t i o n  of  4 W) could be neglec ted .  
The measured inc rease  i n  R f o r  an  inc rease  i n  TC of frcm 25 t o  
75OC was 9 pe rcen t  while  t h e  ca fcu la t ed  inc rease  i n  Rg expected b e c a ~ s e  
of  t h e  inc rease  i n  t h e  thermal  r e s i s t i v i t y  of  t h e  s i l i c o n  ch ip  over t h e  
same temperature range was approximately 12  percent .  The calcu. ia t ion was 
based on thermal  conduct iv i ty  d a t a  r epo r t ed  by Shanks [ 2 1  and -rhe assump- 
t i o n  t h a t  about  one t h i r d  of  t h e  temperature drop from junc t ion  -to mounv- 
i n g  s u r f a c e  i s  due t o  t h e  thermal  r e s i s t a n c e  o f  t h e  s i l i c o n  chiL> 133,  
Although it has been known t h a t  t h e  thermal  r e s i s t i v i t y  of s i l i i o c  i s  
temperature dependent, most experimenters have n o t  considered t h i s  e f f e c t ,  
The r e s u l t s  o f  t h i s  s tudy  i n d i c a t e  t h a t ,  f o r  devices  with a s i g n i f i c a n t  
chip- to- total-device thermal  r e s i s t a n c e  r a t i o ,  t h e  e f f e c t  o f  t h e  v a r i -  
a t i o n  of t h e  thermal  r e s i s t i v i t y  o f  s i l i c o n  wi th  temperature should be 
considered when determining t h e  t e s t  condi t ions  f o r  Rg measurements, f c r  
such devices ,  e i t h e r  R should be  measured a t  maximum*%ed junc t ion  t e r -  0 pe ra tu re  o r  a d e r a t i n g  f a c t o r  should be generated t o  allow f o r  t h e  in-  
c r e a s e  i n  thermal  r e s i s t a n c e  of  s i l i c o n  wi th  temperature,  
(S.  Rubin, G. G .  Rogers, and F, F, Oet t inge r )  
Plans: The l i t e r a t u r e  search ,  work on t h e  bibliograpliy and wri~ing 
o f  t h e  first d r a f t  o f  t h e  review paper on thermal r e s i s t a n c e  and ~ r a - s i e n t  
thermal  response measurements w i l l  cont inue.  
The measurement procedure and d a t a  c o l l e c t i o n  format f o r  t h e  Co1~vi-c- 
t e e  JC-25 prel iminary thermal  r e s i s t a n c e  round r o b i n  w i l l  be e s t ab l i she? ,  
The measurements w i l l  be made on TO-66 and TO-3 encased power t r a n s i s t o r s ,  
I t  is expected t h a t  Rg w i l l  be  measured a f t e r  opera t ion  of  -crans;stors i: 
high-current ,  low vol tage  condi t ions :  IC = 0.5 t o  1 A and VCC = 10 t o  
20 v. 
Design and f a b r i c a t i o n  of t h e  more f l e x i b l e  system f o r  measuring Rg 
and hFE w i l l  cont inue.  Various s t u d i e s  p e r t a i n i n g  t o  hot-spot  formation 
and thermal  h y s t e r e s i s  can be c a r r i e d  o u t  wi th  t h e  new system, 
Measurement of Rg and hFE a s  a func t ion  of  power f o r  var ious  collector 
c u r r e n t  l e v e l s  w i l l  cont inue.  I n f r a r e d  microradiometer and therr~opaplhi :  
phosphor measurements w i l l  t hen  be made on t h e  same devices  t o  i n v e s t i g a t e  
r e l a t i o n s h i p s  which may e x i s t  between t h e  peak temperature and t h e  e iec-  
t r ical ly-measured temperature.  
5.2. THERMOGRAPHIC MEASUREMENTS 
ive :  To eva lua te  t h e  u t i l i t y  of thermographic techniques 
-
f o r  detection of ho t  spo t s  and measurement of  temperature d i s t r i b u t i o n  
in semiconductor devices .  
Progress: A 50-um diameter f i b e r  o p t i c  probe and scanning eyepiece 
metric microscope was rece ived  b u t  had t o  be r e tu rned  f o r  
c o r ~ e c t i o n  of d e f e c t s  i n  t h e  mechanical d r i v e ,  The s p a t i a l  r e s o l u t i o n  
of  the 50-vrn and 150-um diameter probes were compared by scanning a black- 
white  boundary on t h e  1.0 p a t t e r n  of  a Microcopy Resolut ion Tes t  Chart" 
wi th  each and record ing  t h e  output  of  t h e  photometer. The r e s u l t s  a r e  
shown i n  figure 19. 
Figure  19, S p a t i a l  r e s o l u t i o n  of f i b e r  o p t i c  probes compared by scanning a black- 
w h i t e  boundary on a  Microcopy Resolut ion Tes t  Chart and recording t h e  changes i n  
photameter outpbt .  (The 7 t o  1 reduc t ion  i n  l i g h t  ou tpu t  from t h e  50-urn probe was 
compensated by inc reas ing  t h e  a m p l i f i c a t i o n  of t h e  photometer and recorder . )  
Avai lable  as SRM-1010a from t h e  Of f i ce  of Standard Reference Mate r i a l s ,  
National Bureau o f  Standards,  Washington, D .  C .  20234. The 1.0 pa t -  
t e r n  consists.  of 0.5-mm wide a l t e r n a t e  black and whi te  s t r i p e s .  
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A prel iminary eva lua t ion  of t h e  performance of  t h e  i n f r a r e d  micrc- 
scope ind ica t ed  t h a t  temperatures  can be measured with a p rec i s ion  of 
21°C. I f  emis s iv i ty  i s  known, t h e  accuracy i s  about 22OC f o r  tempera- 
t u r e s  above 45OC; t h e  accuracy is  poorer between 25 and 4S0C, The in-  
f r a r e d  microscope was used t o  make temperature p r o f i l e  and spo t  tempera- 
t u r e  measurements on s e v e r a l  power t r a n s i s t o r s  whose thermal p r o p e r t i e s  
had previous ly  been checked e l e c t r i c a l l y .  Fur ther  work was in t e r rup ted  
by a malfunction which prevented zeroing t h e  output  of t'he microscope, 
( G .  J. Rogers, F. F.  Oe t t i nge r ,  and L, R ,  Williams) 
Plans:  Temperature c a l i b r a t i o n  of t h e  thermographic phosphors w i l l  
be completed. When t h e  I R  microscope is aga in  a v a i l a b l e ,  comparison of 
t h e  r e l a t i v e  c a p a b i l i t i e s  of t h e   mi microscope and thermographic phos- 
phors w i l l  be  resumed. 
5.3. MICROWAVE DEVICE MEASUREMENTS 
Object ive:  To s tudy t h e  problems and u n c e r t a i n t i e s  a s soc i a t ed  wi th  
t h e  measurement of microwave devices ,  and t o  improve t h e  techniques of 
t h e s e  measurements. 
Progress:  The audio i-f po r t ion  of t h e  X-band mixer diode measure- 
ment ~ N B S  Tech. Note 571, pp. 43-45) was b u i l t  and t e s t e d ,  I t  
uses  an automatic  switch and an osc i l l o scope  t o  compare a p rec i s ion  d-c 
r e f e rence  vol tage  wi th  t h e  peaks of  t h e  1-kHz square wave used a s  t h e  
i-f s i g n a l .  This  i - f  vo l tage  i s  used t o  c a l c u l a t e  mixer conversion l o s s ,  
The need f o r  b e t t e r  s h i e l d i n g  became apparent  when measurements c l o s e r  
than  20.5 mV were at tempted.  Bypassing t h e  load  and b i a s  c i r c u i t s  and 
us ing  a 50-L-2 c o a x i a l  l oad  t o  te rmina te  t h e  mixer f o r  both a-c and d-c 
allowed measurements t o  b e t t e r  than  250 vV. This  r e p r e s e n t s  a p r e c i s i o n  
o f  20.1 percent  f o r  a 6-dB conversion l o s s  mixer output  vo l tage  of abo r t  
50 mV peak-to-peak ac ros s  a normal 400-i2 i - f  l oad ,  us ing  a 1-dB peak-to- 
t rough modulation which is  equiva len t  t o  a single-frequency r - f  s i g n a l  of 
about  -28 dBm. The p r e c i s i o n  was l i m i t e d  by t h e  presence of a non-random, 
don-sinusoidal  no i se  whose o r i g i n  has n o t  been determined, Based upon 
t h e  r e s o l u t i o n  obtained wi th  t h e  r e f e rence  vo l t age  t r a c e ,  another  order-  
of-magnitude improvement i n  p r e c i s i o n  would be poss ib l e  i f  t h i s  no i se  
were e l imina ted  ( l eav ing  only t h e  random osc i l l o scope  and system n o i s e ) ,  
Mixer conversion l o s s  is  based upon a v a i l a b l e ,  r a t h e r  than de l ive red ,  
ou tput  power, and i t s  determinat ion thus  r e q u i r e s  a knowledge o f  t h e  
source immittance which i s  predominately r e s i s t i v e  a t  aud.io i - f ' s ,  
Equations were developed which enable t h e  mixer i - f  r e s i s t a n c e  and open- 
c i r c u i t  i-f vol tage  t o  be c a l c u l a t e d  from measurements of normal mixer 
i-f vo l t ages  ac ros s  two d i f f e r e n t  f i n i t e  va lues  of  l oad  r e s i s t a n c e ,  This 
obvia tes  t h e  use of an  e x t e r n a l  i - f  s i g n a l  source as with a b r idge  meas- 
urement. The c l o s e r  t h e  two r e s i s t a n c e  va lues  a r e  t o  each o t h e r ,  t h e  
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l e s s  i s  t h e  dependency on mixer l i n e a r i t y  and t h e  l e s s  is t h e  e f f e c t  of 
c i r c u i t  r eac t ances ,  b u t  t h e  p rec i s ion  i s  lower. 
Prel iminary measurements, which were l i m i t e d  by a v a i l a b l e  equipment 
t o  2 t0,5 nV prec i s ion  f o r  l oad  vo l t ages  of about 20 t o  90 mV, seemed t o  
i n d i c a t e  t h a t  t h e  mixer i - f  r e s i s t a n c e  a s  c a l c u l a t e d  from t h e s e  equat ions 
i s  independent of load  r e s i s t a n c e  over  t h e  range from 100 Q ( e q u a l  t o  t h e  
d-c l oad )  t o  100 kQ ( e s s e n t i a l l y  an open c i r c u i t  f o r  t h e  mixer).  Exten- 
s;\e proof o f  t h i s  independence, however, us ing  h ighe r  p rec i s ion  and a 
vzriety of diodes,  is r equ i r ed  be fo re  complete mixer output  l i n e a r i t y  can 
be assumed f o r  t h e  measurement. 
To ob ta in  i-f r e s i s t a n c e  and open-c i rcu i t  i - f  vo l tage  without  ca l -  
culatlon, a neasurement technique was developed t o  enable t h e  mixer i - f  
r s s e s t a n c e  t o  be r e a d  d i r e c t l y  from a c a l i b r a t e d  p r e c i s i o n  decade r e -  
s i s t a n c e  box, S e t t i n g  t h e  i-f load  t o  t h i s  va lue  then  enables  h a l f  t h e  
o p e n - c i r c u i t m i x e r  i-f vo l t age  t o  be measured d i r e c t l y .  A search  of t h e  
l i t e r a t m e  revea led  t h a t  t h i s  method w a s  invented i n  t h e  n ine t een th  cen- 
tury by S i r  Henry Mance t o  measure b a t t e r y  r e s i s t a n c e  [l-31, This  method 
i s  r e l a t e d  t o  a nethod invented by Kelvin C31 f o r  measuring galvanometer 
r e s i s t a n c e  and appears  t o  have been l o s t  t o  l a t e r  genera t ions .  I t  seems 
weL1 worth r ev iv ing ,  s i n c e  t h e  apparent ly  unrecognized a b i l i t y  o f  t h e  
method t o  enable a source  immittance t o  be measured wi th  only smal l  l oad  
var ia - t ions  makes it p o t e n t i a l l y  va luable  f o r  non-l inear  and high-power 
devices ,  where t h e  load  immittance must be maintained c l o s e  t o  a nominal 
v a l - ~ e  a t  a l l  ~ i m e s .  I t  appears  t h a t  t h e  method can be appl ied  t o  micro- 
waje and o t h e r  high-frequency sources  by us ing  a hybr id  junc t ion ,  which 
i s  the  high-frequency analog of  t h e  Wheatstone b r idge  whose theory  forms 
t h e  S a s i s  fox Mance9s method. 
I n  f u r t h e r  s tudy o f  t h e  r-f p o r t i o n  o f  t h e  X-band system t h e  l o c a l  
o s c i l l a t o r  power occas iona l ly  d r i f t e d  i n  amplitude t o  a smal l  bu t  ob- 
jectionaS1.e e x t e n t ,  even though t h e  k l y s t r o n  i s  frequency s t a b i l i z e d  by 
baing phase-locked t o  a c rys t a l - con t ro l l ed  o s c i l l a t o r .  S t a b l e  l o c a l  
o s c i l l a t o r  power i s  of fundamental importance t o  a l l  mixer measurements, 
b u t  i s  pa r t i cu l a . r l y  important  t o  modulation-type conversion l o s s  measure- 
ments, where t h e  r - f  t e s t  s i g n a l  i s  p ropor t iona l  t o  t h e  power of  t h e  l o c a l  
o s ~ i l i a t o r  from which it i s  derived.  I n  o rde r  t o  improve t h e  l o c a l  o s c i l -  
l axor  amp.;itude s t a b i l i t y ,  a pre l iminary ,  experimental  vers ion  of  a feed- 
Sack loop ( l e v e l e r )  was b u i l t  and t e s t e d .  The c i r c u i t  contained a diode 
de-cector, an o p e r a t i o n a l  a m p l i f i e r ,  and t h e  PIN modulator t h a t  had been 
previously connected f o r  amplitude modulation. The l e v e l e r  succes s fu l ly  
maintained t h e  power a v a i l a b l e  t o  t h e  mixer independent of  k lys t ron  power 
v a r i a t i o n s  (over t h e  s e v e r a l  d e c i b e l  range of excess  power a v a i l a b l e )  t o  
within t h e  d i s c e r n i b l e  l i m i t s  o f  measurement ( l e s s  than  +50 uV). Power 
t c  t h e  mixer was s e t  by means of  t h e  ope ra t iona l  a m p l i f i e r  o f f s e t  vo l tage  
c o n t r o l ,  xhus obv ia t ing  a d-c r e f e rence  supply.  A c l ean ,  s t a b l e  modu- 
l a t i o n  was obtained by applying a low-level square wave t o  t h e  non- 
inverting op-amp inpu t  te rmina l .  CJ. M .  Kenney) 
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Plans: The r-f por t ion  of  t h e  c i r c u i t  w i l l  be r e b u i l t  t o  permit 
l eve l ing  during a c t u a l  mixer measurements. This w i l l  r equ i re  extensive 
and d i f f i c u l t  a l t e r a t i o n s  of t h e  r-f c i r c u i t  because of t h e  need t o  
i s o l a t e  t h e  monitoring de tec to r  from power r e f l e c t e d  by the  mixer and t o  
r e l o c a t e  t h e  prec is ion  a t t enua to r  used t o  measure t h e  degree of modula- 
t i o n  t o  a point  following t h e  feedback loop. The modulator which i s  now 
connected by a switch and a coaxia l  l i n e  w i l l  be moved t o  the  main wave 
guide l i n e  t o  avoid l o s s  and leakage, a harmonic-absorption pad w i l l  be 
added t o  minimize the  r e f l e c t i o n ,  back t o  t h e  mixer, of l o c a l  o s c i l l a t o r  
and s i g n a l  harmonics generated by t h e  mixer, and s e v e r a l  o ther  components 
w i l l  be r e loca ted  t o  improve c i r c u i t  performance. 
Following t h i s ,  t h e  audio i-f c i r c u i t  w i l l  be redesigned, TO in-  
corporate Mance's method f o r  measuring mixer i-f r e s i s t a n c e ,  and r e b u i l t  
on a shielded chass is .  Mance's method, and i t s  app l i ca t ion  t o  low and 
high frequency measurements, w i l l  be reported upon a t  a l a t e r  da te  a f t e r  
some experience with it is  obtained. 
5.4. CARRIER TRANSPORT I N  JUNCTION DEVICES 
Objective: To improve methods of  measurement f o r  chapge c a r r i e r  
t r anspor t  and r e l a t e d  p roper t i e s  of junction semiconductor devices,  
Progress: On the  recommendation of  sponsors, v i s i t s  were made t o  
d iscuss  methods f o r  making t r a n s i s t o r  delay time measurements with the  
p a r t i c i p a n t s  i n  previous comparative t e s t s  of  t h e  measurement: t h e  A i r  
Force Weapons Laboratory, Sandia Laboratories ,  and Bendix Research Cor- 
porat ion.  Similar  d iscuss ions  were held with personnel from the  Boeing 
A i r c r a f t  Company (a contrac tor  of a sponsor)  and from t h e  NES Electro-  
magnetics Division. 
Laboratory work was focused on assembly, i n i t i a l  t e s t i n g ,  and ad- 
justment of the  Sandia-type delay-time bridge [l] constructed i n  t h i s  
laboratory.  Measurements on t h e  bridge were made between 3 and 30 MHz, 
It w a s  found t h a t  t h e  s i g n a l  generator  t o  be used with t h e  br idge  m u s t b e  
c a r e f u l l y  sh ie lded and have a power output  of 0.2 W o r  g rea te r  and t h a t  
connections between the  bridge,  s i g n a l  generator  and r a d i o  rece ive r  (used 
f o r  n u l l  de tec t ion)  must a l s o  be we l l  shielded.  Lack of adequate sh ie ld-  
ing  shows up, i n  t h e  extreme case,  by n u l l s  no t  being obtained,  o r  i n  l e s s  
severe cases ,  by a s t rong  frequency dependence o f  t h e  delay zero-set value,  
The t r a n s i s t o r i z e d  cur ren t  ampl i f i e r  which i n t e r f a c e s  between t h e  t r a n s i s -  
t o r  under t e s t  and t h e  n u l l  de tec to r  i n  t h e  o r i g i n a l  Sandia version of t h e  
bridge was duplicated with minor modificat ions t o  increase  i t s  ~ t a b i l i e y . ~  
The ampl i f i e r  was modified and constructed by D, J, Brenner of t h e  NBS 
Measurement Engineering Division. 
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A preliminary ana lys i s  of t h e  Sandia bridge& showed t h a t  i f  t h e  
l i n e  s t r e t c h e r s  (which a r e  used a s  t h e  ad jus tab le  delay elements) a r e  
terminated - a s  they a r e  - i n  t h e i r  c h a r a c t e r i s t i c  impedance o f  50 1;2 a t  
t h e  attenuator-phase s p l i t t e r  ends, t h e  delay time read from t h e  l i n e  
s t r e t c h e r s  should be independent of any mismatch between t h e  o the r  ends 
of t he  l i n e  s t r e t c h e r s  and t h e  t r a n s i s t o r  being measured. This i s  an 
important r e s u l t  s ince  it i s  known t h a t  t r a n s i s t o r  impedance v a r i e s  with 
frequency, b ias  condit ions,  and type. I t  was a l s o  s t a t e d  t h a t  e l e c t r i c a l  
i s o l a t i o n  of 40 dB between t h e  " t e s t "  and "reference" l i n e  s t r e t c h e r s  i s  
required t o  achieve a neg l ig ib le  (<  1 percent)  measurement e r r o r .  A 
measurement a t  1 0  MHz yie lded i s o l a t i o n  of  57 dB on t h e  br idge  construc- 
t ed  i n  t h i s  laboratory.  
A s  a  continuation of  t h e  l i t e r a t u r e  survey and evaluat ion of  e x i s t i n g  
techniques f o r  app l i ca t ion  t o  t h e  p r o j e c t  goals ,  l i t e r a t u r e  c i t a t i o n s  
demonstrating t h a t  an ana lys i s  of  t r a n s i s t o r  noise  spec t ra  should y i e l d  
values of base t r a n s i t  time a r e  being compiled. References on t h e  prob- 
lem of making e l e c t r i c a l  probe measurements on t r a n s i s t o r s  p r i o r  t o  metal- 
l i z a t i o n  a r e  a l s o  being co l l ec ted .  (D. E. Sawyer) 
Plans: Delay-time measurement and probing techniques w i l l  continue 
t o  be discussed with appropr ia te  workers i n  t h e  f i e l d .  The compiling of 
l i t e r a t u r e  c i t a t i o n s  on these  two top ics ,  and on t h e  app1,ication of  no i se  
spectrum ana lys i s  t o  the  determination of device i n t e r n a l  processes,  w i l l  
continue, 
Per t inent  measurement da ta  w i l l  be obtained on t h e  Sandia delaydtime 
br idge  including in terchannel  i s o l a t i o n  frequency, t h e  r a t i o  (which should 
be uni ty ,  i d e a l l y )  of " t e s t "  t o  "reference" l i n e  delay f o r  n u l l  a s  a  func- 
t i o n  of frequency, and i n i t i a l  delay. Construction of  t h e  socket  and 
b ias ing  arrangement f o r  the  vector  voltmeter w i l l  be  completed. It is  
planned t h a t  work on both t h e  Sandia br idge  and t h e  vector  voltmeter  
syscem w i l l  be completed a t  about t h e  same time s o  t h a t  i n i t i a l  t r a n s i s -  
t o r  delay time measurements can be made on both instruments t o  provide 
comparative data .  
5,s. SILICON NUCLEAR RADIATION DETECTORS 
Objective: To conduct a  program of research ,  development, and de- 
v i c e  i n  t h e  f i e l d  o f  s i l i c o n  nuclear  r a d i a t i o n  de tec to r s  with 
emphasis or1 t h e  improvement of de tec to r  technology, and t o  provide con- 
s u l t a t i o n  and spec ia l i zed  device f a b r i c a t i o n  se rv ices  t o  t h e  sponsor. 
Carried out by D. El lerbruch of t h e  NBS Electromagnetics Division. 
SILICON NUCLEAR WDIATION DETECTORS 
Progress: Pre- f l ight  bench-testing of l i th i~ im-&i f l ed  silica 
r ad ia t ion  de tec to r s  continued. I n i t i a l  experiments were co?ductsd i n  
t h e  ambient exposure t e s t  program t o  determine the  e f f e c t s  3a' I l a ~ a ~ d ~ b >  
ambients on t h e  performance c h a r a c t e r i s t i c s  o f  litl-1Zurrx--dribFied an3 stir- 
face-barr ier  s i l i c o n  detec tors .  Eight l i thiurn-drif ted s i l i c o n  de-eet:tur- 
were acquired f o r  r a d i a t i o n  damage experiments. 
Testing and EvaZuation - Commercial l i th ium-dr i f ted ,  smface-bau>xlii.?r 
and diffused-junction s i l i c o n  r a d i a t i o n  de tec to r s  were given extea:" --&sin 
bench t e s t s  a s  p a r t  of  a continuing program of de tec to r  evaina"tion and 
acceptance f o r  t h e  sponsor.* An unusually high percentage of the  Bwee 
a r e a  (850 mm2) devices f a i l e d  t o  meet performance spec i f i ca t ions  m e n  
operated under high-vacuum condit ions.  Severa l  u l t r a - th in  ( 2  t o  5 ! I T :  
sur face-barr ier  de tec to r s  were evaluated f o r  use i n  a p a r t i c l e  i d e r 2 t i -  
f i c a t i o n  telescope.  While t h e  genera l  performance of these de-teetci>s 
was found t o  be s a t i s f a c t o r y ,  t h e i r  excessive capacitances r e s ~ . l t e d  ic 
a l a r g e  e l e c t r i c a l  no i se  cont r ibut ion  by t h e  charge-sensi t ive preamplt- 
f i e r s  used. I n  add i t ion  a few diffused-junction de tec to r s  were examived, 
I n  genera l  these  devices performed poorly, due pr imar i ly  t o  bad electri- 
c a l  contac ts  and t h i c k  p a r t i c l e  entrance windows, 
(Y. M. Liu and J, Pi, b l s ~ r i s ~ - l n >  
Radiation Damage - A l i t e r a t u r e  search of  r a d i a t i o n  effects %s 
l i th ium-dr i f ted  s i l i c o n  de tec to r s  and r e l a t e d  sub jec t s  was ea~npleted, In 
preparat ion f o r  t h e  next  phase of t h e  r a d i a t i o n  damage s tudy,  eight 
l i th ium-dr i f ted  s i l i c o n  de tec to r s  were purchased from a c a m e r c i a l  source, 
(Y. M. Liu and B, H, Audstb 
Ambien* Exposme Tests  - Si l i con  r a d i a t i o n  de tec to r s  on f u - r u ~ e  
spacec ra f t ,  notably Pioneer F ,  a r e  expected t o  be subjected te certain 
harmful gases and vapors, both before  and a f t e r  launch, which may have a 
det r imenta l  e f f e c t  on t h e i r  performance. P r i o r  t o  launch such solvents 
a s  methyl a lcohol  and c e r t a i n  commercial leak  de tec to r  f l u i d s  used ro 
check pressure and vacuum s e a l s  ape used i n  and around t h e  spacec ra f t ,  
Af ter  launch, t h e  a t t i t u d e  i n  space of  t h e  s a t e l l i t e  w i l l  be periodically 
adjus ted  by hydrazine t h r u s t e r s ,  which a r e  expected t o  leave a low pres- 
s u r e  shroud o f  ammonia gas around t h e  spacecraf t .  The pressure of this 
shroud is  not  known a t  t h i s  time, 
A g l a s s  vacuum system was assembled t o  provide an approprxa-te en- 
vironment f o r  determining t h e  e f f e c t  of  such gases and vapors on deiec-:or 
performance. I n i t i a l  experiments revealed problems with excess%ce o m -  
gassing wi th in  t h e  system. The g l a s s  system was disassembled, and c m -  
s t r u c t i o n  of a new system, u t i l i z i n g  a s t a i n l e s s  s t e e l  t e s t  chaz~be~ 2nd 
Detai led da ta  r e s u l t i n g  from these  t e s t s  have been t r a n ~ r n ~ c t e d  t~ t h c  
sponsor. 
SILICON NUCLEAR RADIATION DET~CTORS 
s t a i n l e s s  s t e e l ,  g r e a s e l e s s  u l t r a -h igh  vacuum valves  was begun. The new 
c o ~ p l e t e l y  bakeable system is  expected t o  s o l v e  t h e  outgass ing  problem. 
(E. I. Klein and B. H .  Audet) 
Plans:  Exhaustive p r e - f l i g h t  bench-test ing of d e t e c t o r s  w i l l  con- 
t i n u e  a s  r equ i r ed  by t h e  sponsor.  The r a d i a t i o n  damage s tudy  i n  l i th ium-  
d r i f t e d  s i l i c o n  d e t e c t o r s  w i l l  begin. The new ambient exposure t e s t  
system w i l l  be completed and t e s t e d .  
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SOLI3-STATE TECHNOLOGY & FABRICATION SERVICES 
Technical se rv ices  i n  a reas  of competence a r e  provided t o  o the r  NBS 
ac tLv i t i e s  and o ther  government agencies a s  they a r e  requested. Usually 
these  are short-term, spec ia l i zed  se rv ices  t h a t  cannot be obtained 
through. normal commercial channels. Such se rv ices  provided during t h e  
l a s t  quar ter  are l i s t e d  below and i n d i c a t e  t h e  kinds of technology ava i l -  
able t o  the  program. 
1, Radiation de tec to r s  - ( B .  H.  Audet) 
Design and development of f a b r i c a t i o n  procedures were begun 
f o r  a 52 element l i th ium-dr i f ted  s i l i c o n  de tec to r  a r ray  t o  
be used a s  an e lec t ron  s c a t t e r i n g  hodoscope by t h e  Electro-  
nuclear  Physics Section,  
2, Sectioning and p l a t i n g  - (H. A. ~ r i s c o e )  
Trans i s to r s  were sec t ioned,  polished,  and s t a i n e d  t o  r e v e a l  
c ross-sec t ional  geometries, small  p iece  p a r t s  were gold o r  
n icke l  p la t ed ,  and s i l v e r  f i l m s  were vacuum evaporated on 
s e v e r a l  types of p l a s t i c s  f o r  o ther  groups i n  t h e  Elec t ronic  
Technology Division. 
3,  Quar tz  and g l a s s  f a b r i c a t i o n  - (E .  I. ~ l e i n )  
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c r y s t a l s  was fab r i ca ted  f o r  t h e  Physical  Chemistry Division. 
4, Ul-trasonic f a b r i c a t i o n  - (J. Krawczyk) 
Four pieces  of  p i e z o e l e c t r i c  ceramic were u l t r a s o n i c a l l y  
machined f o r  t h e  Naval Ship Research and Development Center. 
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